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This PhD thesis describes work undertaken on the precise and controlled 
preparation of multicompositional MOF and magnetic nanoparticle-derived 
hybrid Janus (with anisotropic distribution of components and functionalities) 
nanocomposite materials, especially using colloidal chemistry to achieve 
control on composition, morphology and interfaces, which is one of the most 
powerful solution-based bottom-up approaches to nanomaterials.  
The unique performances of Janus nanocomposites are dependent on the 
anisotropic shape and asymmetric spatial distribution of compositions and 
functionalities, whereas systematical characterization of performance and 
exploitation of practical applications are derived from the rational design and 
large scale synthesis of functional Janus materials. Traditional methods like 
sputtering, stamp coating and Langmuir-Blodgett techniques rely on 2D 
modification of monolayer whose low yield limits technological applications 
and scientific studies. Hence, there is still room for the study of hybrid 
multifunctional materials to meet the high demand for different applications. 
With building blocks belonging to intrinsically different classes of 
materials such as nanoscale polymers or metal organic frameworks, approaches 
that offer good control over the controlled functionalization of surface area that 
sustains chemical modification and produce large quantities of colloidal-sized 
Janus nanocomposite particles will be developed; with the aim of studying 
hybrid multifunctional materials with anisotropic shape and asymmetric spatial 
distribution of compositions and functionalities that could facilitate their 
ii 
 
eventual use in functional applications especially in the areas of catalysis and 
energy storage.  
The introductory chapter first provides an overview of organic-inorganic 
hybrid materials and its corresponding design strategies. This is followed by a 
description and literature review of Janus nanocomposites, with emphasis on 
fabrication and its corresponding challenges. Finally, MOF nanocomposites 
will also be discussed as it has also attracted much attention as new functional 
hybrid materials because the advantages of MOFs may be amplified when 
incorporated with aspects of particle directional anisotropic self-assembly, 
which can greatly alter its properties to tailor different applications.  
Chapter 2 begins with the design and synthesis of a new catch-release 
catalysis nanocomposite system based on the specific interaction between host 
β-cyclodextrin torroids tethered to magnetic nanoparticles and a palladium (II) 
catalyst adorned with a guest adamantane. This system enjoys both tight, non-
covalent binding and the possibility of quick and complete release on addition 
of an appropriate competing organic solvent molecule. The host and guest 
however are handicapped by their slow degradation under the test reaction 
conditions, thus limiting the times that the catalyst can be recycled and reused. 
The potential advantages of this relatively simple system in green chemical 
synthesis are however notable. 
In Chapter 3, the synthesis and catalytic results of a MOF 
nanocomposite system capable of catalysing tandem reactions will be discussed. 
The MOF nanocomposite, Au/UiO-66-NH2, is shown to be able to sequentially 
catalyse the selective oxidation of an alcohol to an aldehyde followed by the 
iii 
 
Knoevenagel condensation between this aldehyde and a methylene compound. 
The ability to undertake two reactions sequentially in one-pot is highly 
advantageous. Through the elimination of intermediate work-up steps time, 
solvents and equipment is reduced so tandem reactions facilitate the undertaking 
of processes at lesser cost and greater efficiency. 
In Chapter 4, a facile and scalable process to generate a new kind of 
MOF-derived highly porous hybrid carbon nanocomposite fibrous material by 
employing electrospun fibers as template was developed. Nano-sized (100-
200nm) MOF crystals through a mild and fast seed-mediated process by 
anchoring metal ions onto the MOF-embedded electrospun fibers. After heat 
treatment, the resulting porous carbon architecture presents a unique structure 
made up of interconnected MOF-derived hollow carbon nanocages which 
integrates many advantageous features required for high performance electrode 
materials in LIBs, such as high pore volume, hierarchical porous structure, 
uniformly distributed metal nanoparticles and well graphitized carbon walls 
doped by nitrogen. Such hybrid carbon nanofibrous architecture provides 
sufficient accessibility of active sites as well as smooth and bicontinuous 
pathways for mass transportation. Besides, compared to other MOF-derived 
carbons which are prepared in bulk powder form, this free-standing carbon 
network provides extra convenience in handling and recycling, and also 
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Chapter 1: Introduction to multicompositional hybrid 
materials and their Functional Applications 
 
1.1. Organic-inorganic hybrid materials 
 
Organic-inorganic (O-I) hybrid materials as a rapidly expanding class of 
materials combine organic and inorganic building blocks to give a material that 
combines the properties of both components which can overcome the structural 
limits of conventional materials (polymers, ceramics, metals, etc.) [1–14]. In 
addition, there is also a notable improvement of materials properties due to the 
enhancement of properties deriving from the interaction of both.  
The huge focus on production of O-I hybrid materials [15,16] is largely 
in part due to the plausibility to fine tune the resultant properties of the product 
by a careful tweaking of the chemical nature, structure and starting 
inorganic/organic building blocks. Furthermore, the chemistry at the 
organic/inorganic interfaces also affect the properties of the materials. The 
compositional, structural and functional versatility of this peculiar class of 
materials results in its applications in optics and photonics, [17–19], electronics 
and flexible electronics [20–23], sensors [24–29], catalysis [30–34], 
electroactive [35,36] or electrochemical [26,37–40] devices, biomedical [41–44] 
and bioactive [45–48] materials. The myriad of applications resulting from 
hybrid materials have been clearly outlined in a review by Popall and Sanchez 
[15,16a], whereas the tailoring of hybrid materials for multifunctionality has 
undergone extensive research and documentation. [2,6,8].  
2 
 
In general, O-I hybrid materials, as a broad class of materials, derives its 
functions and properties due to the formation of a chemical bond, of inorganic 
and organic building blocks [1,2,4,5,9,11,12,14,49–52]. This broad definition 
includes several subclasses whose common factor is the co-presence of both 
organic and inorganic components, such as (i) polymers embedding inorganic 
building blocks [5,53–55]; (ii) inorganic or hybrid (sol-gel) matrices 
incorporating organic molecules, macromolecules or dyes; (iii) metal-organic  
framework (MOF) [56–67] based on inorganic building block or metal ions 
connected by polytopic organic ligands; (iv) coordination polymers [68–71] and 
complexes; (v) nanoparticles and surfaces decorated with organic molecules or 
macromolecules [72] and (vi) organic-inorganic interfaces and interphases.  
If the definition is narrowed to a particular typology of hybrids, we can 
specify the definition in which a host incorporates a guest of different nature 
and then focus on two main classes of systems (Table 1.1):  
(a) either inorganic building blocks (BB) (clusters, nanoparticles, fibers, 
whiskers, lamellae, etc.) are incorporated into a macromolecular polymer 
backbone (inorganic guest in organic host) or, vice versa;  
(b) organic molecules or macromolecules (dyes, biomolecules, oligomers or 
polymers) can be embedded into an inorganic (e.g., silica) matrix (organic guest 






Table 1.1: Comparison between “Class I and II” hybrid materials. 
 
The former group, i.e., macromolecular networks embedding inorganic 
components, leads to improvement of properties of polymers, especially 
thermal and mechanical stability, flame retardancy, barrier properties, etc., by 
the incorporation of tailored inorganic fillers. For instance, in traditional 
composites and nanocomposites [11,12,73,74] a simple physical mixing or 
blending of two or more components (“Class I” hybrid materials), based on 
weak interactions such as van der Waals interactions or hydrogen bonds, with 
current progress being made to improve filler surface, have been known to 
improve the compatibility among the components [75].  
The so called “Class II” hybrid materials [1,9,14], the class which this 
work focuses on, is due to the stable (typically covalent) anchoring of the guest 
to the host matrix, which leads to enhanced stability and improved performance 
of the final hybrid material. The absence of a strong chemical bond gives rise to 
unfavorable material properties such as migration and/or leaching of guest 
components within/from the guest matrix, phase agglomeration, demixing and 




Whereas the nature of the O-I polymer host network dictates the 
structural (i.e., mechanical, thermal, rheological, etc.) properties of these 
materials; the functional properties are associated with the nature of the 
interphase between the two domains or to the chemical nature of the 
incorporated unit, and as a result, these hybrid materials can develop interesting 
optical/photonic, magnetic, electric/dielectric/piezoelectric, electrochemical, 
catalytic, sensing properties or with bioactivity [2,48]. The material’s 
transparency, chemical homogeneity, and stability is largely influenced by the 
control of the physic-chemical nature and the extension of hybrid O–I interfaces. 
Furthermore, its optimisation can provide hybrid materials with enhanced 
properties that sometimes could be greater than the sum of the individual 
contributions of both phases. 
Different synthetic approaches to hybrid (host/guest) materials have 
been clearly described by Kickelbick [1,53], Sanchez [76–82] and Schubert 
[5,54,55], and they involve either  
(i) the use of sol-gel process; 
(ii) the formation of organic polymers in the presence of preformed 
inorganic components; 
(iii) the simultaneous formation of both networks.  
The main synthetic approaches (Scheme 1.1) to incorporate a wide 
variety of inorganic BB into polymer was reviewed by Kickelbick [53], among 
which 
(1) Metals or metal complexes, by coordination interactions;  
(2) Incorporation of unmodified particles;  
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(3) In situ growth of inorganic particles within a polymer matrix;  
(4) Surface modification of clusters and oxoclusters with polymerizable groups;  
(5) Surface modification of clusters and oxoclusters with polymerization 
initiating groups.  
 
Scheme 1.1. Main synthetic approaches to incorporate a wide variety of 
inorganic building blocks into polymer. 
 
In particular, with respect to the different inorganic components which 
can be added to a polymer to get its hybridization, the aim towards structurally 
defined inorganic building blocks is a more convenient and feasible route to 







1.2. Societal and industrial impact of Organic-inorganic hybrid materials 
The impact of hybrid materials chemistry on societal and industrial 
demands is innumerable. Hybrid materials chemistry is an interdisciplinary field 
of R&D, which connects a wide range of topics such as organometallics, 
colloids and nanoobjects, soft matter and polymers, coordination polymers 
including MOFs, sol–gel, catalysis and surfaces, clays and lamellar compounds, 
nanocomposites, nanoporous and mesoporous materials, biomaterials, 
biochemistry and engineering.  
The potential of hybrid materials can be clearly seen from the variety of 
markets it has tapped into.  The design of hybrid materials generally follows a 
bottom-up approach. These materials are processed directly as particles, fibres, 
coatings, foams or monoliths, starting from molecular precursors or well-
defined nanobuilding blocks.  They can also be obtained via peculiar 
micropatterning or with hierarchical structures by coupling colloidal fluids with 
the physical chemistry of complex fluids, soft matter and top down processing 
strategies. 
 
1.3. General synthesis strategies for hybrid materials 
 
Most of the general strategies for the synthesis of a wide range hybrid 





Scheme 1.2. Schematic representation of the chemical routes that can be used 
for the synthesis of O–I hybrids.  
 
With respect to Scheme 1.2, Route A represents the soft chemistry-
based methods including sol–gel chemistry, the usage of specific bridged and 
polyfunctional precursors, hydrothermal synthesis including the synthesis of 
coordination polymers such as MOFs. Conventional sol–gel pathways to hybrid 
networks are typically hydrolysis of organically modified metal alkoxides or 
metal halides condensed with or without simple metallic alkoxides. [83-85] 
However, they are generally polydispersed and locally heterogeneous in 
chemical composition. Two main approaches are used to achieve accurate 
control of the local and semi-local structure of the hybrid materials and their 
degree of organization. The first one is on the use of bridged precursors such as 
silsesquioxanes. The second one includes all aspects of hydrothermal synthesis 
in polar solvents. The presence of organic templates has given rise to numerous 
microporous hybrid materials such as organically templated zeolites which are 
already widely applied as adsorbents or catalysts. Coordination polymers such 
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as metal organic frameworks (MOFs) are more recent hybrid materials 
developed from sol-gel methods which will be further elaborated in the later 
part of this chapter.  
Route B represents the hybridization of well-defined nanobuilding 
blocks (NBBs) either from assembling, intercalation or intercalation and 
dispersion to achieve better definitive inorganic component. These NBBs can 
be preformed clusters, organically pre- or post-functionalized nanoparticles 
(metallic oxides, metals or chalcogenides), nano-core–shells or layered 
compounds (clays, layered double hydroxide, lamellar phosphates, oxides or 
chalcogenides) that can host organic components and maintain their integrity in 
the final material. In addition, they can also be capped with polymerizable 
ligands or connected through organic spacers, like telechelic molecules, 
polymers or functional dendrimers. The stepwise preparation of these materials 
provides control over their semi-local structure. An example of hybrid materials 
formed via this route are the intercalation, swelling, and exfoliation of nanoclays 
by organic polymers.  
Route C represents methods that involve self-assembly of amphiphilic 
molecules or polymers coupled with sol–gel polymerisation; more recently, the 
growing of inorganic or hybrid networks, its growth templated by organic 
surfactants. One of the most striking examples is the synthesis of 
mesostructured hybrid networks. 
Hence, sol–gel process based (Route A) approaches are not the sole 
route towards hybrid materials. But these strategies are simple, low cost, can be 
transparent and easily shaped as films or bulks, which are compatible with 
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existing processing techniques. As the rheology of the colloidal hybrid 
dispersions can be easily adjusted, the combination between these strategies 
along the three routes would be shown in the next three chapters as 
hierarchically organized materials are constructed in terms of structure and 
functions. 
 
1.4. Colloidal nanocomposites  
In this work, Colloidal chemistry is employed to achieve control on 
composition, morphology and interfaces, which is one of the most powerful 
solution-based bottom-up approaches to nanomaterials. With building blocks 
belonging to intrinsically different classes of materials, such as nanoscale 
polymers or metal organic frameworks (MOFs), colloidal nanocomposite 
crystals can be assembled (Figure 1.1), with the aim of developing novel 
synthetic schemes of these hybrid materials across multiple length scales by 
understanding and manipulating the nucleation and growth kinetics. The 
opportunities for multi-functionality increase with increasing complexity. There 
is hence still a lot of room for the study of hybrid multifunctional materials with 
anisotropic shape and asymmetric spatial distribution of compositions and 




Figure 1.1. Interaction between facets of colloidal MOF crystals. 
 
The following sections will elaborate on the concept of “Janus” to 
incorporate anisotropic distribution of components and functionalities onto the 
same surface of nanocomposite particles.  Coordination polymers, in particular 
MOF nanocomposites, will also be discussed as it has attracted much attention 
as new functional hybrid materials because the advantages of MOFs may be 
amplified when incorporated with aspects of particle directional anisotropic 
self-assembly, which can greatly alter its properties to tailor different 
applications.  
 
1.5. Janus nanocomposites  
  
In 1991, P. G. de Gennes coined the term of two faceted Roman god 
“Janus” in his Nobel lecture to describe the characteristics and performance of 
such particles with anisotropic distribution of components onto the same 
surface. [86] Janus materials have experienced a rapid development in the past 
two decades. Rational design of the Janus nanocomposites with tunable 
morphology, size and composition is paramount to their Janus performance. The 
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general representative synthetic methods are shown in Scheme 1.3. Large scale 
production of colloidal Janus materials is significant for their practical 
applications. Several representative performances and potential applications of 
Janus materials will be discussed, recent advances in synthetic methodology 
will be summarized in more detail, followed by focus on metal-organic 
frameworks (MOFs). The corresponding challenges will also be discussed.  
 
 
Scheme 1.3. Different synthetic methods of Janus materials; (Left) Masking and 
functionalization; (middle) Mixing and phase separation; (right) Block co-
polymer self-assembly.  
 
 
1.5.1. Rational design and synthesis of Janus nanocomposites 
The unique performances of Janus nanocomposites are dependent on the 
anisotropic shape and asymmetric spatial distribution of compositions and 
functionalities, whereas systematical characterization of performance and 
exploitation of practical applications are derived from the rational design and 
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large scale synthesis of functional Janus materials. For instance, Janus colloids 
can assemble into superstructures. [87] In particular, if the two sides are 
hydrophobic and charged respectively, the Janus colloids can assemble into 
extended structures in water. [88] Tri-block Janus colloids with two 
hydrophobic poles and a charged equator band can form amphiphilic kagome 
lattice after a compromise between electrostatic and hydrophobic interactions. 
[89] Colloidal ribbons and rings can undergo a hierarchical self-assembly. [90] 
Self-assembly of Janus colloids forming clusters is kinetically driven, as 
compared with the thermodynamically driven self-assembly process of 
molecular surfactants. For instance, Janus colloids form transient isomeric 
structures with long lifetime before they form more stable and highly ordered 
helices, as opposed to surfactants which can fast reach an equilibrium shape. 
[91]  
Self-assembly of Janus composite particles can also be controlled under 
the effects of electric or magnetic fields. Magnetic Janus colloids can undergo 
synchronized rotation and oscillation under a magnetic field; [92] staggered and 
linear chains are observed when equatorial plane between the two hemispheres 
is parallel to the field. [93]  
In the field of imaging, the color contrast of the Janus two colored 
particles can be activated under a magnetic or electric field; [94] Janus quantum 
dots and paramagnetic nanoparticles can initiate magneto-driven fluorescent 
switch and display. [95] Magnetic Janus nanoparticles can detect and influence 
target cells to carry out synchronous diagnosis and treatment. [96] Tumor cells 
can be targeted via a dually functionalized Janus nanocomposite, internalized 
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via the folate receptor and finally induced to death by stimuli-induced drug 
release under acidic condition. [97] 
In conclusion, the rational design of Janus materials lends precision in 
control of their shape, size, and composition, and ultimately assembly into 
complex superstructures and diversified potential applications, e.g., detection, 
manipulation of cells, controlled loading and release, and confined reaction. 
Planar surface protection is initially developed and is a very simple and general 
approach to achieve Janus materials. However, this approach poses challenges 
which will be discussed in the next section.   
 
1.5.2. Challenges to synthesize Janus nanocomposites 
The main challenge in synthesizing large scale Janus nanocomposites 
lies in precise control composition compartmentalization and characteristic size 
of colloidal sized Janus particles. Some common methods to synthesize Janus 
materials are summarized in Table 1.2. 2D partial surface protection method is 
a general method to achieve Janus materials. Traditional methods like sputtering, 
stamp coating and Langmuir-Blodgett techniques (Figure 1.2) rely on 2D 
modification of monolayer but the yield is rather low. In addition, Pickering 
emulsion interfacial synthesis can elevate the production efficiency but requires 
surface modification of the particles. The self-assembly approach by using 
block copolymers is commonly used to control the shape of the particle, i.e, 
from cylinder to disc. However, it is difficult to control the morphological 
uniformity. Microfluidics and electrodynamic co-jetting methods are also 
sometimes deployed to control the shape, size, and composition, but the yield is 
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also low. Recently, seeded emulsion polymerization was found to be effective 
at large scale production of Janus particles with varied composition and 
morphology for various applications. [98]  
 
Table 1.2: Comparison among methods for the synthesis of Janus NPs [99] 
















































Figure 1.2. (Left) Picture of Langmuir–Blodgett trough for 2D planar surface 
modification. (right) Monolayer transfer onto a substrate (moving from bottom 




In the next section, the topic of metal-organic frameworks will be 
discussed with the aim of eventually obtaining large scale colloidal Janus MOF 
nanocomposites with size, shape and compositional control.  
 
1.5.3. Metal-organic frameworks (MOFs) 
Hybrid coordination polymer (CP) crystals fabrication has recently 
attracted much attention as new functional hybrid materials because tuning of 
the composition and structure of CPs can greatly alter its properties to tailor 
different applications. [100] In particular, hybrid heterostructured CP 
nanomaterials have customized advanced properties which are very attractive 
[101]. 
Microporous metal–organic frameworks (MOFs) are metal ions and 
organic ligands assembled by coordination bonds [102] (Figure 1.3) which 
have found its importance in applications such as catalysis, gas separation, 
storage, drug delivery, and sensing. [103] In most cases, it is necessary to 
process MOFs or directly prepare them in appropriate application-specific 
configurations, [104] such as thin films and supported membranes, [105] 
capsules, [106] and composites. [107] MOF deposition, which is a bottom-up 
process, is commonly involved and occurs favourably at a suitably 
functionalized surface [108] obtained via chemical or physical masking. [109] 
There have been reports on these methods used in conjunction with liquid-based 
epitaxy, [110] reactive seeding, [111] or electrochemistry [112] to prepare high-





Figure 1.3. MOF schematic. 
 
Even though there has been progress in the development of fast, 
inexpensive, and scalable fabrication processes, challenges exist not only to 
integrate MOF in real functional devices, [114] but also for the spatio-selective 
preparation of site-selective deposition of MOFs onto 3-dimensional substrates 
to form Janus-type architectures. Currently, this method is exclusive to 
MOF@MOF-type structures which requires a close lattice match between the 
two frameworks in order for efficient epitaxial intercrystal growth. [115] 
However, this method nonetheless does brings great benefits towards a strategy 
to synthesize MOF nanocomposites, especially in the area of anisotropic self-
assembly, as one can tune the inherent porosity and tuneable physical properties 
of MOFs with the applications of Janus structures in catalysis, drug delivery, 







1.5.4. Directional anisotropic self-assembly of MOF nanocomposites 
The advantages of MOFs may be amplified when incorporated with 
aspects of particle 3D self-assembly. First, the ability of some MOF systems to 
tune its size to nanoscale enables unique interactions with light, enabling 
photonic and sensing applications. [116] Second, MOF nanocrystals can still 
retain its impressive surface area which may allow interesting gas and other 
adsorption/ release features as positions of the particles can be controlled, which 
is advantageous in modern-day applications that doesn’t requires particles to be 
fixed in space. Third, the tuning of MOF shapes may be useful for surface 
patterning and surface templating. The great potential when we combine 
directional anisotropic self-assembly MOF nanocomposites with the direct 
advantages of MOF is indisputable. 
 
1.6.   Project aims  
As discussed earlier, traditional methods like sputtering, stamp coating 
and Langmuir-Blodgett techniques rely on 2D modification of monolayer 
whose low yield limits technological applications and scientific studies. Hence, 
the goal of this work is to develop approaches that offer good control over the 
controlled functionalization of surface area that sustains chemical modification 
and produce large quantities of colloidal-sized Janus nanocomposite particles. 
There have been several reports on metal-based particles which have 
similar design; [117] here we consider a different class of materials, which may 
offer a greater variety of colloidal building blocks for functional applications 
especially in the areas of catalysis and energy storage.  
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1.6.1.   Catalytically-Active Nanocrystals 
Design principles dictating precise control nanocrystals composition 
and morphology has great scientific and technological importance. In particular, 
hybrid nanomaterials may exhibit properties drastically different from the bulk 
behavior. Hence, it is hoped that such advantages of colloidal chemistry could 
be employed to study catalyst structure and its activity and to gain deeper 
insights into the mechanism of the selected desired reaction. Here, we explore 
two different nanocomposite systems – In Chapter 2, the design and synthesis 
of a new host-guest catch-release catalysis (non-MOF) magnetic nanoparticle-
derived nanocomposite system with notable advantages in green chemical 
synthesis is described. In Chapter 3, a MOF nanocomposite system, Au/UiO-
66-NH2, is shown to be able to sequentially catalyse the selective oxidation of 
an alcohol to an aldehyde followed by the Knoevenagel condensation between 
this aldehyde and a methylene compound. The ability to undertake two reactions 
sequentially in one-pot is highly advantageous. Through the elimination of 
intermediate work-up steps time, solvents and equipment is reduced so tandem 
reactions facilitate the undertaking of processes at lesser cost and greater 
efficiency. 
 
1.6.2.   Nanocrystal Assembly into energy devices  
Transportation of mass, charge and energy are vital in materials 
employed for energy devices. Such complexity is hard to meet by single 
component materials. Therefore, the demand for hybrid multifunctional 
materials has been increasing in different applications. In Chapter 4, a facile and 
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scalable process to generate a new kind of MOF-derived highly porous hybrid 
carbon nanocomposite fibrous material by employing electrospun fibers as 
template was developed. Such hybrid carbon nanofibrous architecture provides 
sufficient accessibility of active sites as well as smooth and bicontinuous 
pathways for mass transportation. Besides, compared to other MOF-derived 
carbons which are prepared in bulk powder form, this free-standing carbon 
network provides extra convenience in handling and recycling, and also 


















Chapter 2: A Catch-Release Catalysis System Based on 
Supramolecular Host-Guest Interactions  
 
2.1. Homogeneous catalysis   
Homogeneous catalysts exhibit advantages such as better selectivity and 
reactivity under milder reaction conditions as compared to heterogeneous 
catalysts, [118] due to improved accessibility to well-defined reactive sites. 
However, due to the difficulty in separating a homogeneous catalyst from the 
reaction product and reusing it, hence homogeneous catalysis only accounts for 
less than 20% of industrial processes. [119] 
Sequestering the metal complex with an insoluble or immiscible matrix 
is a typical way to remove and recycle homogeneous transition metal catalysts 
from a reaction solution. [120] Magnetically decorated nanoparticles are best 
suited for this role. [121] The catalyst can be recovered and reused if the 
sequestering conditions permits a selective interaction between the catalyst and 
matrix. An example of this is the “catch-release” strategy which is the removal 
of a pyrene tagged Pd catalyst from an aqueous reaction with graphene coated 
magnetic nanoparticles. High temperatures employed to disrupt the non-








2.1.1. Reversible host-guest inclusion complexation    
One of the most studied hosts for reversible, host-guest inclusion 
complexation is β-cyclodextrin, which can offer selectivity to a catch-release 
catalysis system. [123] Lipophilic guests such as adamantane (Ad) derivatives 
with a  binding constant (Ka) up to 105 can be encapsulated within the 0.7 nm x 
0.79 nm hydrophobic cavity of β-CD, [124] and this host-guest complexation is 
mostly driven by a favourable enthalpy of reaction. [125] Recently, our group 
reported a series of supramolecular hydrogels, non-covalently connected 
micelles, nano-capsules and pseudo-block copolymers based on the inclusion 
complexation between β-CD and adamantyl decorated polymers. [126] 
A relevant prior work from our group reported solubilizing an Ad-L-
Pd(II) catalyst (where Ad-L=bis[(3,5-dimethyl-1H-
pyrazolyl)methyl][(1adamantyl)methyl]amine) in an aqueous solvent system by 
complexation  with the highly soluble heptakis(2,6-di-O-methyl)-β-CD (dmβ-
CD). [127] This work is an extension of that study with the development of a 
catch-release catalytic system employing iron oxide magnetic nanoparticles 







2.1.2. General methodology of the catch and release of an Ad adorned Pd(II) 
catalyst by employing iron oxide MNPs decorated with β-CD moieties 
 
The general methodology of the Ad-L-Pd(II) complex catalyst is shown 
in Scheme 2.1 that is used to promote Suzuki-Miyaura coupling; and at the end 
of the reaction it is captured by magnetically recoverable Fe3O4 magnetic 
nanoparticles (MNPs) garlanded with β-CD hosts. Organic solvent extraction 
then facilitates release and reuse of the catalyst.  
 
Scheme 2.1. Schematic representation of the catch and release of an Ad adorned 
Pd(II) catalyst by employing iron oxide MNPs decorated with β-CD moieties. 
 
 
2.2. Synthesis and characterization of carboxyl-β-CD and β-CD coated 
MNPs 
 
Carboxyl groups were introduced at the narrow end of the β-CD toroid 
by treatment with excess succinic anhydride in anhydrous N,N-
dimethylacetamide (DMAc) at 90 oC (Scheme 2.2). Evidence from elemental 
analysis and 1H NMR spectroscopy suggested that an average of three of the 






Figure 2.1. (Top) 1H NMR spectrum of carboxyl-β-CD (β-CD-COOH) in D2O 
(300 MHz, 25 oC); (bottom) 13C NMR spectrum of β-CD-COOH in DMSO-d6 
(75.5 MHz, 25 oC). 
 
Succinyl methylene carbons 





Scheme 2.2. Synthesis of carboxyl-β-CD and β-CD-coated Fe3O4 MNPs. 
 
Using a one-pot co-precipitation method, Fe3O4 MNPs with β-CD 
moieties on the surface (β-CD-MNP) were prepared from aqueous solution 
(Scheme 2.2). The β-CD carboxylic acids are then anchored to the Fe3O4 
surface through carboxyl chelation to the Fe2+/Fe3+ sites. Probability of ester 
hydrolysis was reduced by maintaining the pH of reaction at 6. The β-CD-MNPs 
formed a stable dispersion in water (Figure 2.2, left), which could be aggregated 
by exposure to a magnetic field (Figure 2.2, right) and then re-dispersed by 





Figure 2.2. (Left) Photo of the β-CD-MNPs dispersed in water (0.5 mg/mL); 
(right) Magnetically induced aggregation of β-CD-MNPs from water. 
 
 
The diameter of the β-CD-MNPs was around 10 nm with a narrow size 
distribution as observed by TEM (Figure 2.3, left), and fringes can be clearly 
seen in high resolution TEM image (Figure 2.3, right) due to the electron beam 
being diffracted by the Fe3O4 crystalline lattice.  
 
 
Figure 2.3. (Left) TEM image of β-CD-MNPs; (right) Expanded section (left). 
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The powder XRD diffraction pattern of β-CD-MNP (Figure 2.4) shows 
the characteristic peaks of standard Fe3O4 crystals (isometric-hexoctahedral 
crystal system) which coincides well with those from the JCPDS card (19-0629) 
for pure magnetite. [128] The characteristic peaks of β-CD are not in the Bragg 
diffraction range (2ϴ) 30o to 70o and hence do not interfere wih the Fe3O4 
diffraction peaks. [129] 





































Figure 2.4. pXRD pattern of β-CD-MNP. 
 






where D is the average crystallite size (Å), ϴ is the Bragg diffraction angle, β is 
the full width at half maximum (FWHM) (in radians) and λ is the X-ray 
wavelength of Cu Kα radiation (1.5418 Å). The diffraction peak at 2ϴ = 35.6o 
(Figure 2.4) has a FWHM of ca. 0.01538 rad which corresponds to a crystallite 
size of 9.5 nm, consistent with the TEM result (Figure 2.3).  Dynamic Light 
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Scattering (DLS) experiments were also carried out to measure the 
hydrodynamic diameter of β-CD-MNP in water (0.1 mg/mL) which revealed an 
average hydrodynamic diameter of around 100 nm. The discrepancy with the 
TEM and pXRD determined crystallite size is probably due to aggregation in 
water. The zeta potential of β-CD-MNP was found to be around -20 mv which 
suggests that the MNP surface is negatively charged due to uncoordinated 




Figure 2.5. (Top) Representative histogram showing the size distribution of β-
CD coated Fe3O4 magnetic nanoparticles (β-CD-MNP) by DLS at room 
temperature in water (0.1 mg/mL, pH 6.0, at least 3 individual measurements); 
(bottom) Zeta potential measurement for β-CD-MNP by DLS at room 
temperature in water (0.1 mg/mL, pH 6.0, at least 3 individual measurements). 
 
Mean d: 109.2  0.4 nm  
Mean ZP: -21.8  0.7 mV 
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Bare Fe3O4 MNPs with no organic ligand on the surface and succinic 
acid-coated Fe3O4 MNPs were also synthesized for comparison using a 
modification of the method outlined in Scheme 2.2. Powder XRD 
measurements revealed that both MNPs have similar diameters to that of β-CD-
MNP (Figure 2.6).  
 
 
Figure 2.6. Characterization by pXRD (in solid) and DLS (in water, room 
temperature) for bare MNP (top) and succinate MNP (bottom). Conditions for 
DLS: 0.1 mg/mL, pH 6.0, at least 3 individual measurements. 
 
 
Crystallite size: 10 nm 
Mean d: 67.0  0.1 nm  Mean ZP: 51.0  0.3 mV 





































Crystallite size: 8 nm Mean d: 73.0  0.3 nm  
Mean ZP: 26.2  1.2 mV 







































Similarly, DLS measurements showed that these MNPs also had average 
hydrodynamic diameters of around 70 nm with narrow size distributions. The 
surfaces of bare Fe3O4 MNPs and succinic acid-coated Fe3O4 MNPs were 
however positively charged with the mean zeta potential of around 50 mv and 
26 mv, respectively. 
 
2.2.1. Characterization of β-CD-MNP surface 
FTIR experiments performed on β-CD-MNP, succinate-MNP, bare 
MNP and β-CD-succinate (Figure 2.7) showed strong absorption at 590 cm-1. 
This was characteristic of Fe–O bond stretching in nano-sized Fe3O4 particles 
[131] which was identified for all three MNPs. An absorption band was 
observed for succinate MNP at around 1410 cm-1 which was due to the bidentate 
carboxyl group on the MNP surface.  [132] Three strong absorption peaks at 
around 1730, 1160 and 1030 cm-1 were also observed in the spectrum of β-CD-
MNP which are attributed to the ester (-C=O stretch) and β-CD moieties (-C-O 
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Figure 2.7. (Top) FTIR spectra for the three Fe3O4 MNPs (β-CD-MNP, bare 
MNP and succinate MNP); (bottom) FTIR spectrum of β-CD-succinate. 
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The amount of β-CD on the MNPs was estimated using thermal 
gravimetric analysis (TGA) (Figure 2.8). Weight losses were observed for β-
CD-MNP from room temperature to 900°C under N2. The first (6%) from room 
temperature to approximately 200 °C is due to water adsorbed on the MNP 
surface. A subsequent weight loss (45%) over the range 200 – 860 °C is 
attributed to organic ligand decomposition leaving a residue of Fe3O4 (49%). 
On the other hand, the TGA curve of the bare MNP shows the first weight loss 
of 4% from room temperature to approximately 100°C due to water adsorbed 
onto the MNP surface, and then another 4% over the range 100 – 400 °C due to 
coordinated water. These results suggest a molar content of 3.1×10-4 mmol of 
β-CD per milligram of β-CD-MNP. 




































2.3. Evaluation of Catch-Release catalysis system 
 
 
A visual comparison of the three MNPs with added Ad-L-PdCl2 in H2O-
CH3OH (2/1, v/v) showed all three MNPs dispersed in deionized water to give 
clear suspensions. A dark brown precipitate formed immediately in the β-CD-
MNP dispersion upon addition of the catalyst in methanol, (Figure 2.6, left). In 
comparison, there was no visible change for the mixtures of bare MNP and 
succinic MNP even after 2 days of exposure to the Ad-L-PdCl2 at room 
temperature (Figure 2.9, middle and right). This shows that β-CD-MNP 
strongly interacts with the Ad-containing catalyst. It is hypothesized that upon 
host-guest complexation, the originally hydrophilic MNP surface becomes 
hydrophobized by coating of hydrophobic catalyst molecules that promote 
aggregation. This interesting phenomenon facilitates the separation of β-CD-
MNP after catching the catalyst. 
 
 
Figure 2.9. Mixtures of Ad-L-PdCl2 (0.35 mg) with different MNPs in 2 mL of 
H2O-CH3OH (2/1, v/v); (left) β-CD-MNP (2.8 mg), (middle) bare MNP (1.3 
















 Catalyst + bare MNP
 Catalyst + succinate MNP
 Catalyst + -CD-MNP
Reference
Catch (33.7%)













 Catalyst + -CD-MNP 0.7 equiv
 Catalyst + -CD-MNP 1.5 equiv
 Catalyst + -CD-MNP 2.0 equiv
 Catalyst + -CD-MNP 4.0 equiv




Figure 2.10. (Top) Variation of UV-Vis absorbance for catalyst solutions in 
H2O-CH3OH (2/1, v/v) before and after addition of different MNPs (β-CD-
MNP 1.4 mg, bare MNP 0.65 mg and succinate-MNP 0.7 mg); (bottom) UV-
Vis spectra of catalyst in H2O-CH3OH (2/1, v/v) before and after treatment by 
varying amounts of β-CD-MNP. Initial catalyst amount before catch: 0.35mg in 
1.5 mL H2O-CH3OH (2/1, v/v); all sample solutions were diluted to 1/10 prior 
to UV-Vis measurement; all tests were carried out at room temperature with slit 
width 1.0 nm. 
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UV-Vis spectroscopy was employed to investigate the interaction 
between Ad-L-PdCl2 and each of the three MNPs in aqueous methanol (Figure 
2.10, top). Prior to analysis, the MNPs and any associated catalyst were 
magnetically removed. The concentration of catalyst in the supernatant was then 
determined using a calibration curve (R2 = 0.997; Figure 2.11). 














 Measured Abs vs concentration
 Linear Fit of Abs vs concentration







Abs Intercept 0.00392 0.01695
Abs Slope 37.82747 1.12892
 
Figure 2.11. Calibration curve of absorbance versus concentration of catalyst 
(Ad-L-PdCl2) in H2O-CH3OH (2/1, v/v) (Cuvette: quartz; slit width: 1.0 nm; 
wavelength range: 200 nm – 800 nm; absorption peak:  209 nm; room 
temperature). Results were repeated three times for reproducibility.  
 
 
The catalyst solution shows an obvious drop in absorbance after 
treatment with β-CD-MNP (Figure 2.10 (top)). In this experiment, the molar 
ratio of β-CD/Ad was ca. 0.7. As a control experiment, addition of a similar 
amount of bare and succinic MNPs resulted in only a slight drop in absorbance. 
This is because the catalyst molecules have no specific interactions with the 
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MNP surfaces. However weak and non-specific interactions may cause a slight 
loss of catalyst by adsorption. 
The catch efficiency for the catalyst was investigated by varying the 
proportion of β-CD-MNP (Figure 2.10, bottom). At a β-CD/Ad molar ratio of 
0.7, about 33.7% of catalyst was removed by the MNP. The catch efficiency is 
increased by increasing the β-CD/Ad molar ratio but this is not a direct 
proportional relationship. By increasing the β-CD/Ad molar ratios to 1.5, 2.0 
and 4.0, the catch efficiencies were 57.4%, 63.6% and 72.5%, respectively. As 
expected, when the catalyst solution was treated twice with 2.0 equiv. of β-CD-
MNP, the catch efficiency was higher (81.5%) than for a single treatment of 4.0 
equiv. of β-CD-MNP. 
The ability of β-CD-MNP to catch the catalyst from aqueous solution 
was confirmed by SEM-EDS analysis by determining the presence of Pd in the 








Figure 2.12. SEM-EDS analysis of separated β-CD-MNP from the mixture of 
catalyst and β-CD-MNP in H2O-CH3OH (2/1, v/v). Amount of catalyst (before 
catch): 0.35 mg in H2O-CH3OH (2/1, v/v), 1.5 mL; β-CD/Ad molar ratio: 0.70; 
room temperature.  
 
Washing the separated β-CD-MNP with methanol for 1 hour at room 
temperature (Figure 2.13) enabled the release of the catalyst. After separating 
the mixture, the clear supernatant was analyzed by UV-Vis spectroscopy and 
the concentration of catalyst was determined using a calibration curve (R2 = 





















Figure 2.13. UV-Vis spectra of methanol extracts of separated β-CD-MNP with 
captured catalyst. Initial catalyst before catch: 0.35mg in 1.5 mL H2O-CH3OH 
(2/1, v/v); β-CD/Ad molar ratio: 2.0; extraction with 1.5 mL methanol for 1 hour 
at room temperature. All solutions were diluted to 1/10 prior to UV-Vis analysis. 











 Measured Abs vs concentration
 Linear Fit of Abs vs concentration







Abs. Intercept 0.02304 0.01489
Abs. Slope 46.82865 1.05983
 
Figure 2.14. Calibration curve of absorbance versus concentration of catalyst 
(Ad-L-PdCl2) in methanol (Cuvette: quartz; slit width: 1.0 nm; wavelength 
range: 200 nm – 800 nm; absorption peak:  209 nm; room temperature). Results 




A 100% recovery of catalyst bound to the separated β-CD-MNP would 
give rise to the reference spectrum (Figure 2.13, black). An 80% recovery of 
catalyst bound to the MNP was calculated from the UV-Vis spectrum of a single 
methanol extraction. An additional 5.9% was recovered in the second extraction.  
At an initial concentration of 0.233 mg/mL in H2O-CH3OH (2/1, v/v) 
and 2.0 equivalent of β-CD-MNP at room temperature, a complete cycle of 
catch and release with catalyst solution (1.5 mL) yielded 50.9% of recovered 
catalyst, as confirmed by UV-Vis spectroscopy and ICP-MS analysis of Pd 
content in the methanol extract. A higher recovery yield is expected if there was 
further treatment with β-CD-MNP and/or additional extraction steps. It was 
found that the β-CD-MNP could be recycled and reused at least three times 
without compromising on its ability to catch and release the catalyst. 
 
2.3.1 Suzuki-Miyaura coupling reaction 
The catch-release catalysis system was evaluated via the Suzuki-
Miyaura cross coupling of 4-bromobenzoic acid and phenylboronic acid in 
aqueous media (Scheme 2.3). The reaction was carried out in aqueous methanol 
(1/1, v/v) at room temperature in air atmosphere with a catalyst loading of 0.5 




Scheme 2.3. Suzuki-Miyaura coupling reaction of 4-bromobenzoic acid and 




After reaction has come to completion, the (insoluble) product was 
removed by centrifugation and the supernatant (with dissolved catalyst) was  
treated with 2.0 equivalent of β-CD-MNP. With reference to Scheme 2.4, the 
β-CD-MNP with captured catalyst on the surface was then separated, vacuum 
dried and then dissociated with methanol. The extracted catalyst solution was 
concentrated and reused with fresh substrate solution in water. 
 
 
Scheme 2.4. Catch-release cycle. 
 
The β-CD-MNP separated from the catch step was vacuum dried and 
characterized by SEM-EDS. As expected, the elemental analysis of the dried 
sample indicated the presence of Pd (Figure 2.15). Even though the Pd signals 
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are weak, presumably due to salt presence of NaBr (product of the coupling 
reaction), they have been verified via UV-Vis spectroscopy and ICP-MS 
analysis of Pd content in the methanol extract. 
 
 
Figure 2.15. SEM-EDS analysis of separated β-CD-MNP from the mixture of 
a Suzuki-Miyaura coupling reaction filtrate and β-CD-MNP in H2O-CH3OH 
(2/1, v/v). Initial catalyst loading: 0.35 mg in H2O-CH3OH (2/1, v/v), 1.5 mL; 
β-CD/Ad molar ratio: 2.0; room temperature. 
 
The activity of residual catalyst was determined for the various reaction 
fractions (Figure 2.16). The first immediate observation is the relatively low 
activity of the filtrate of a Suzuki-Miyaura reaction mixture after addition and 
removal of β-CD-MNP (A). This is because almost homeopathic levels of Pd 
are reported to catalyze this reaction [133] and so this low level of activity is 
testament to the catching ability of the β-CD-MNP. By comparison, a 
suspension of recovered catalyst still attached to β-CD-MNP (C) and the 
corresponding methanol solution of released catalyst (B) exhibited similar 
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activity to the recycled filtrate of a Suzuki-Miyaura reaction mixture without 
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Figure 2.16. Comparison of reaction yields for Suzuki-Miyaura coupling 
catalyzed by (A) filtrate of a Suzuki-Miyaura reaction mixture after catching by 
β-CD-MNP (Step 3, above), (B) the methanol extract of the separated β-CD-
MNP from the catch step (Step 4, above), (C) the separated β-CD-MNP from 
the catch step, and (D) recycled filtrate of a Suzuki-Miyaura reaction mixture 
without catching by β-CD-MNP. Each point represents the mean value of 3 runs. 
 
 
At a reaction time of 2 h (green bar), the filtrate of a Suzuki-Miyaura 
reaction mixture after catching by β-CD-MNP (A) showed the lowest ability to 
catalyse a new Suzuki-Miyaura reaction. The yield at 2 h is only ca. 15%. By 
comparison, the yields at 2 h were ca. 55%, 64%, 82% for the other three 
solutions (B - D). Moreover, the yield with solution A did not show a significant 
increase even after prolonging the reaction time (around 30% yield after 24 h), 
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while with increasing reaction time, all of the other three reaction mixtures 
could achieve high yields (>90% after 24h). 
After three catch-release cycles, the yield of Suzuki-Miyaura coupling 
with the released catalyst in methanol decreased to 50% (reaction time 5h). It is 
hypothesized that this is attributed to (i) some decomposition of the Ad-L-Pd(II) 
catalyst at the relatively high pH of the reaction mixture (pH 11) and (ii) 
hydrolysis of the succinic ester bonds causing loss of β-CD moieties from the 
recycled MNPs due to basic conditions. The latter has been verified by the IR 
spectra of succinate MNPs by observing the decrease in intensity of the 
absorption peaks of the ester (-C=O stretch).  
Future work can be performed to make the succinate linkers more 
resistant to the basic hydrolysis by changing the ester linkages in carboxyl-β-
CD to ether or secondary amine. However, this would also require significant 
changes to the design of the carboxyl-β-CD. Nonetheless, this proof-of-concept 
system demonstrates a supramolecular approach to non-covalently modify a 
water insoluble metal complex to provide a water-soluble inclusion system to 




The design and synthesis of a new host-guest catch-release catalysis 
(non-MOF) nanocomposite system based on the interaction between host β-
cyclodextrin torroids tethered to magnetic nanoparticles and a palladium(II) 
catalyst adorned with a guest adamantine was described. This system enjoys 
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both tight, non-covalent binding and the possibility of quick and complete 
release on addition of an appropriate competing organic solvent molecule. It is 
unfortunate that the host and guest however are handicapped by their slow 
degradation under the test reaction conditions, thus limiting the times that the 
catalyst can be recycled and reused (decreased yield of 50% after three catch-
release cycles). The potential advantages of this relatively simple system in 
green chemical synthesis are nonetheless indisputable. Current investigations 
are directed at seeking for solutions in practical applications. In the next chapter, 
a MOF nanocomposite system capable of catalysing tandem reactions in the 
area of heterogeneous catalysis will be discussed.  
 
2.5. Experimental and Supplementary Information for Chapter 2 
Materials and Methods 
Materials 
β-Cyclodextrin (β-CD) (98%) was purchased from Sigma and used after 
recrystallization from water and drying at 100 C under vacuum overnight. 
Succinic anhydride, succinic acid, FeCl3·6H2O, FeCl2·4H2O and PdCl2 were 
purchased from Sigma-Aldrich. All substrates for Suzuki-Miyaura coupling 
reactions were purchased from Sigma-Aldrich. The palladium(II) complex 
bearing an adamantyl (Ad) molecular recognition moiety (Ad-L-PdCl2) was 
synthesized according to a previously reported method from our group. [134] 




Synthesis of carboxyl-β-CD (β-CD-COOH) 
Dry β-CD (5.11 g, 4.5 mmol) was dissolved in 30 mL of anhydrous N,N-
dimethylacetamide (DMAc) with stirring at 50 C. Powdered succinic 
anhydride (1.80 g, 18 mmol) was added with rapid stirring. The reaction 
temperature was maintained at 50 C under a N2 atmosphere for another 2 h and 
then at 90 C for one day. The reaction mixture was precipitated with 500 mL 
of diethyl ether and the resulting light brown powder collected by centrifugation 
and washed with ethyl acetate (100 mL). The crude product was redissolved in 
6 mL of deionized water (DI water) and precipitated with 500 mL of acetone. 
The white powder was again collected by centrifugation, washed well with 
acetone (2×30 mL), and then dried under vacuum at 40 C. Yield 5.20 g (74.0 %, 
based on an average substitution degree of 3 as determined by elemental 
analysis and 1H NMR spectroscopy). FTIR (KBr): ν = 3380 (br, ν(O-H)), 2931 
(m, ν(C-H)), 1734 (s, ν(C=O)), 1408 (m), 1365 (m), 1158 (s), 1078 (s), 1029 (s, 
ν(C-O-C)), 949 (w), 758 (w), 706 (w), 579 (m) cm−1; 1H NMR (300 MHz, D2O, 
δ): 2.40-2.80 (d, 12H, -OOC-CH2-CH2-COOH), 3.30-4.30 (m, 42H, -CH- of β-
CD), 4.90-5.40 (m, 7H, C(1)H of β-CD); 13C NMR (75.5 MHz, DMSO-d6, δ): 
173.7 (C=O), 102.1 (C(1) of β-CD), 81.8 (C(4) of β-CD), 74.0-71.0 (C(3), C(2) 
and C(5) of β-CD), 60.0 (C(6) of β-CD), 28.8, 28.7 (CH2 of succinyl group). 
Anal. calcd for C54H82O44∙7H2O: C 41.54, H 6.20; Found: C 40.91, H 5.87.  
 
Synthesis of β-CD-coated Fe3O4 magnetic nanoparticles (β-CD-MNP) 
Powdered FeCl3·6H2O (300 mg, 1.11 mmol) and FeCl2·4H2O (115 mg, 
0.58 mmol) were dissolved in 30 mL of deionized water in a 2-necked round 
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bottom flask equipped with a condenser. The flask was evacuated, filled with 
N2 at room temperature and then, 1.0 M NaOH (5.0 mL) added dropwise with  
stirring at 1000 rpm. The reaction mixture turned from golden to black, and was 
stirred at room temperature for an additional 30 min. Carboxyl-β-CD (874 mg, 
0.56 mmol) in water (10 mL) was added in one portion followed by another 0.4 
mL of 1.0 M NaOH solution added to keep the pH at 6. The mixture was slowly 
heated to 80°C for 1 h and then cooled to yield a black precipitate that was 
rinsed thoroughly with water and collected from the supernatant using a 
permanent magnet.  
 
Synthesis of succinic acid-coated Fe3O4 MNP (Succinate-MNP) 
The procedure was identical to that described above except that succinic 
acid (66 mg, 0.56 mmol) was used in place of carboxyl-β-CD. 
 
Synthesis of bare Fe3O4 MNP 
The procedure was identical to that above except that no ligand was used 
during the synthesis. 
 
Measurements and characterization methods 
General methods 
Proton and carbon nuclear magnetic resonance (1H and 13C NMR) 
spectra were recorded at room temperature on a Bruker Avance DRX 300 MHz 
NMR spectrometer operating at 300.1 and 75.5 MHz, respectively; or on a 
Bruker Avance DRX 500 MHz NMR spectrometer operating at 500.1 and 125.8 
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MHz, respectively. Chemical shifts were reported in parts per million (ppm) on 
the δ scale, and were referenced to residual protonated solvent peaks: CDCl3 
spectra were referenced to CHCl3 at δH 7.26 and CDCl3 at δC 77.36; DMSO-d6 
spectra were referenced to (CHD2)(CD3)SO at δH 2.50 and (CD3)2SO at δC 39.6; 
D2O spectra were referenced to HDO at δH 4.70; Acetone-d6 spectra were 
referenced to (CHD2)(CD3)CO at δH 2.09. X-ray diffraction (XRD) patterns 
were recorded on a PANalytical’s X’Pert PRO diffractometer with Cu Kα 
radiation. Fourier transform infrared (FTIR) spectra of samples in KBr pellet 
were recorded on a Perkin-Elmer FTIR 2000 spectrometer in the region of 4000-
400 cm-1; 32 scans were signal-averaged with a resolution of 4 cm-1 at room 
temperature. The transmission electron micrographs were taken on a JEOL 
JEM-2010F FasTEM field emission transmission electron microscope operated 
at 100 kV. The hydrodynamic diameter and zeta-potential were determined 
using a Zetasizer Nano ZS (Malvern Instruments, Southborough, MA). All 
measurements were taken after the sample solutions were ultrasonicated for 1 
min and equilibrated at room temperature for 20 min. The amount of organic 
component coated onto the MNP was determined by a thermogravimetric 
analyzer (TGA) using a Mettler Toledo Star System TGA/SDTA 851e in the 
presence of N2 gas with a heating rate of 20 °C/min. The scanning electron 
micrographs were taken with a JEOL JSM-7600F, which is a high resolution 
thermal field emission scanning electron microscope (FEG SEM) equipped with 
Oxford AZtec energy system for energy dispersive spectroscopy (EDS). The 
elemental analyses of dried MNPs with Pd on the surface were carried out using 
the Oxford AZtec energy system. Inductively Coupled Plasma Mass 
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Spectroscopy (ICP-MS) analysis was carried out using a Perkin Elmer Optima 
5300 DV. 
 
Catch and release of catalyst Ad-L-PdCl2 by β-CD-MNP 
Catch experiment. β-CD-MNP dispersion in DI water (4.0 mg/mL, 0.5 mL) 
was mixed with Ad-L-PdCl2 solution in H2O-CH3OH (1/1, v/v, 0.35 mg/mL, 
1mL) with stirring at room temperature. The β-CD/Ad molar ratio was 1.0 and 
the amount of β-CD-MNP adjusted as required. The mixture was stirred (500 
rpm) for 2 h at room temperature. The β-CD-MNP with captured catalyst was 
separated using a permanent magnet. The amount of residual catalyst in the clear 
supernatant was determined by UV-Vis spectroscopy. The catch experiments 
using bare MNP and succinate MNP were conducted using the same procedure. 
 
Release experiment. The separated β-CD-MNP with captured catalyst was 
washed twice with 2 mL DI water, separated by centrifugation (8000 rpm, r.t.) 
or a permanent magnet and freeze-dried. The MNP powder was stirred (500 rpm) 
with 1.5 mL methanol for 1 h at room temperature. The clear solution was 
separated by centrifugation (8000 rpm, r.t.) or magnetically and the amount of 








Evaluation of catch-release performance with Suzuki-Miyaura coupling 
reaction 
Step 1 Suzuki-Miyaura coupling reaction before catch-release. Ad-L-PdCl2 
(0.35 mg, 6.25×10-4 mmol) was dissolved in 0.5 mL MeOH. 4-Bromobenzoic 
acid (25.1 mg, 0.125 mmol),  phenylboronic acid (18.3 mg, 0.15 mmol), and 
Na2CO3 (31.8 mg, 0.3 mmol) were dissolved in 0.5 mL DI water. The catalyst 
and substrate solutions were stirred (500 rpm) together at room temperature for 
2 h and then the white coupling product isolated by centrifugation (6000 rpm, 
r.t.). The clear filtrate was used in Step 2. 
 
Step 2 Catch-release experiment. To the clear filtrate from Step 1 (1 mL) was 
added a β-CD-MNP dispersion in DI water (4.0 mg in 0.5 mL) with stirring (500 
rpm) for 2 h at room temperature. Centrifugation (8000 rpm, r.t.) or a permanent 
magnet was used to separate the MNPs which were then washed twice with DI 
water (2 mL) and freeze dried. The clear filtrate was used in Step 3. The dried 
MNPs were stirred with 1.5 mL methanol for 1 h at r.t. and again removed 
magnetically or by centrifugation (8000 rpm, r.t.). This clear filtrate was used 
in Step 4.   
 
Step 3 Suzuki-Miyaura coupling catalyzed by filtrate after catch. The clear 
filtrate from Step 2 (1.5 mL) was mixed with powdered substrate as in Step 1, 
but without Na2CO3. Dilute aqueous NaOH was added to adjust the pH to 11. 




Step 4 Suzuki-Miyaura coupling catalyzed by released catalyst. The 
methanol extract from Step 2 was concentrated to 0.5 mL and mixed with 
freshly prepared substrate in 1.0 mL DI water. The amount of each reactant was 
identical to Step 1. The reaction mixture was stirred at room temperature for 2h, 




















Chapter 3: Utilisation of Gold Nanoparticles on Amino-
Functionalised UiO-66 Nanocrystals for Selective 
Tandem Catalytic Reactions  
 
3.1. Heterogeneous catalysis 
 
Multifunctional catalysts are important in industry that utilize tandem 
reactions for maximum economy and driving energy and production costs low. 
[136] When we analyze the life cycle of any chemical process, often the 
elimination of the need to isolate, purify and analyze intermediates, as well as 
the separation of the catalyst, could greatly increase the efficiency of the process. 
As discussed in the previous chapter, the design of multifunctional catalysts to 
optimize chemical processes is vital. Unlike the host-guest catch-release 
homogeneous catalyst (non-MOF) nanocomposite system in the previous 
chapter, the main advantage of heterogeneous catalysts over homogeneous 
counterparts are its ease of recovery and re-use, [137] but they also provide 
more effective control of the physical and chemical environment, and the ability 
to isolate active sites on a surface. [138] Hence heterogeneous catalysis can be 
used to effectively position two or more active sites in the same catalyst with 
great precision and control. [139] 
 
3.1.1. Metal-organic framework (UiO-66)  
Metal-organic frameworks (MOFs), as a class of crystalline nanoporous 
materials have been commonly employed in catalytic reactions. [140] This is 
largely due to their robust thermal and chemical stability, [141] easy of 
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functionalization [142] and high porosity [143] which makes them very 
attractive for tandem processes. An important trait for MOFs to be suitably 
suited for catalytic reactions is chemical and thermal stability under harsh 
conditions. UiO-66 and associated structures [144] have great attracted great 
attention due to the high stability under a range of conditions, [145] especially 
in aqueous solutions. This is particularly important for catalytic reactions 
performed in water, or where water is a significant by-product such as 
dehydrogenative oxidation reactions. UiO-66 is a zirconium-based MOF 
containing terephthalate linkers. [144a] Functionality can be simply and 
effectively added to the framework by using modified terephthalate linkers 
(isolated active sites) in the initial synthesis with no further post-modification, 
for example, NH2-UiO-66 can be synthesised using 2-aminoterephthalic acid. 
[146] To extend another dimension of complexity to its functionality, post-
synthetic modification can be performed by addition of organic anchors [147] 
or complexation with organometallic precursors. [148] 
 
3.1.2 NP/MOF hybrid nanocomposite materials 
Metal nanoparticles (NPs) have active properties that differ from the 
bulk metals related to quantum-size effects. [149] They are applied as catalysts 
for a variety of chemical transformations, such as oxidations, [150] reductions, 
[151] coupling reaction [152] etc. In addition, noble metal NPs and bimetallic 
analogues have shown excellent performance in activating abundant and 
environmentally benign oxidants such as molecular oxygen [153] and simple 
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peroxides [154] which solidifies their applications in green and sustainable 
processes.  
Some notable NP/MOF hybrid nanocomposite materials that have been 
employed for catalytic processes include Au/ZIF-8 in the oxidation of CO, [155] 
however the MOFs are often used purely as supports and there have been few 
reports on MOF host as having an active role toward the material functionality. 
There were however two recently reported examples- an encapsulated 
Pd@NH2-UiO-66 that showed activity towards an oxidation-acetalisation 
tandem reaction, but TONs remain modest after 22 hours of reaction; [156] and 
a similar PdAg@MIL-101 that also demonstrated activity toward a 
hydrogenation-reductive amination process. [157] Hence, there is still a lot of 
potential into the research of application of NP/MOF materials in 
multifunctional processes, especially in single-step tandem catalytic 
applications. 
 
3.1.3 Selective oxidation of alcohols catalysed by NPs 
Selective oxidation of alcohols and hydrocarbons has great importance 
industrially for the production of fine chemicals and pharmaceuticals. Typically, 
homogeneous chromium (VI) salts are used which are not just difficult to 
separate out, but also pose a threat to the environment as non-green solvents are 
used and large amounts of by-products are produced. In addition, due to the 
non-selective nature of process, both starting material and oxidant in the 
production of by-products are wasted.  
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Catalysis with nanoparticles is an emerging field, specifically the 
employment of noble metal nanoparticles such as gold (Au) nanoparticles in 
catalysis due to their high activity. In this aspect, it is plausible to employ Au 
NPs to catalyze selective oxidation of a range of alcohols. For instance, the 
selective oxidation of cinnamyl alcohol gives cinnamaldehyde which has found 
its place in the commercial market as a flavouring and scent. More importantly, 
cinnamaldehyde has also found use as a precursor towards pharmaceutical drugs 
with potential anti-cancer properties. Specifically for alcohols, over oxidation 
through to the carboxylic acid is a pertinent issue. Incorporation of nanoparticles 
into tandem processes would allow successive reactions to occur in a one-pot 
approach without the need to for product isolation, purification and 
characterisation. Thus, there is scope for novel work to be undertaken in the 
design of highly selective heterogeneous nanocomposite catalysts (incorporated 
with NPs) for oxidation reactions, coupled with environmentally benign 
oxidants. 
Herein, we present for the first time, a facile preparation for highly 
active and selective nanoscale Au/NH2-UiO-66 MOF nanocomposite catalysts 
in one-pot, tandem reactions involving selective oxidation of cinnamyl alcohol, 
a primary alcohol, followed by a subsequent Knoevenagel condensation of the 
resulting aldehyde product with malononitrile. Coupling the benefits of Au NPs 
and MOF, the role of MOF can be two-fold and act as both a catalyst and a 
support for the NPs. A tandem catalyst, in this case, Au NPs on a porous material, 
is able to catalyse not one, but two reactions sequentially [154]. The gold 
nanoparticle surfaces are the active site for the selective oxidation of alcohols 
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to aldehydes whilst the pendant amine groups on the MOF linkers provide a 
nucleophilic or basic site to catalyse the condensation step. 
 
3.2. Syntheses and characterization of Au/UiO-66 and Au/NH2-UiO-66 
hybrid materials 
 
UiO-66 and related materials were specially selected for this process due 
to their significant structural integrity in the presence of water, [158] a 
significant by-product from the catalytic oxidation processes. Spherical 
nanocrystals of UiO-66 and angular nanocrystals of NH2-UiO-66 were prepared 
by a benzoic acid modulated synthesis procedure adapted from the literature 
(refer to Supplementary for detailed synthesis conditions). Gold nanoparticles 
are then prepared by a colloidal dispersion using PVP as a stabilising agent, 
with subsequent deposition to the surface of the MOF nanocrystals.  
TEM (Figure 3.1) and FESEM (Figure 3.2) characterization showed 
that the nanocrystals had uniform morphology, as well as the adhesion and well 
dispersed nature of the gold nanoparticles on the MOF surface. The latter is key 
to activity. Failing this, aggregation will lead to deactivation, as the activity of 
gold in these reactions systems is dependant on size. In addition, site isolation 





Figure 3.1. TEM Images of (a) UiO-66 nanocrystals, (b) Au/UiO-66 and (c) 
Au/NH2-UiO-66 and (d) NP size distribution of Au/NH2-UiO-66 
 
 





TGA and BET data verifies the integrity of the MOF host before and 
after deposition of the nanoparticles (Figure 3.3), with total porosity and 
thermal stability above 350 oC maintained through the procedure. In fact, the 
total surface area of the material increases from 764 m2/g to 801 m2/g, likely 
due to the nanoparticle deposition step acting as an auxiliary solvent wash. As 
compared with reported literature, the surface areas are lower due to the 
nanocrystalline nature of the material, with reduced ratios of internal to external 
surfaces as reflected by the steep slope in the N2 adsorption isotherms between 
p/po values of 0.3-0.8 (Figure 3.3 -3.5). 
 
 
Figure 3.3. TGA and BET plots of NH2-UiO-66 (red lines) and Au/NH2-UiO-




Figure 3.4. N2 Adsorption/Desorption Isotherms of UiO-66 and Au/UiO-66 for 
Surface Area Analysis  
 
Figure 3.5. N2 Adsorption/Desorption Isotherms of NH2-UiO-66 and Au/NH2-
UiO-66 for Surface Area Analysis 
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A recent study has indicated that some benzoic acid could be trapped in 
the cavities of the UiO-66 type frameworks. [146a] But TGA experiments 
carried out in the presence of O2 suggested weight losses expected for the 
decomposition of the framework (Zr6O4(OH)4(C8H4O4)6) to ZrO2 as shown in 
(Figure 3.6). Assuming a significant quantity of benzoic acid was entrapped 
within the framework (Zr6O4(OH)4(C8H4O4)6.(C7H6O2)x), a greater weight loss 
would be expected due to the combustion of additional organic moieties to CO2. 
This was not observed in our TGA experiments and so we exclude possibility 
of free benzoic acids trapped within the framework, at best present in negligible 
fractions. This trend was similarly seen in NH2-UiO-66 MOF materials (Figure 
3.7). It can be argued that the amount of benzoic acid can also be measured by 
GC-MS but this would be challenging unless one can dissolve the MOF and 





Figure 3.6. TGA Curves of UiO-66 and Au/UiO-66. Conditions: Ramp 2 
oC/min to 800 oC in 40 % air/N2 mixture. 
 
 
Figure 3.7. TGA Curves of NH2-UiO-66 and Au/NH2-UiO-66.  Conditions: 




The framework structure and crystallinity are preserved before and after 
the deposition process based on PXRD data (Figure 3.8) undertaken on the 
materials following NP formation and subsequent deposition in order to make 
sure that the structure of the MOFs had not been altered through the course of 
the deposition. 
 
Figure 3.8. Simulated PXRD pattern of UiO-66 (blue) and patterns of UiO-66 








3.3. Application of Au/UiO-66 and Au/NH2-UiO-66 hybrid materials in 
selective tandem catalytic reaction  
 
The synthesized Au/NH2-UiO-66 materials were employed in the 
tandem reaction comprising of the oxidation of cinnamyl alcohol to 
cinnamaldehyde and consecutive condensation with malononitrile, an activated 
methylene compound, to produce cinnamylidene malononitrile, which is an 
important pharmaceutical compound. (Scheme 3.1). In order to maximise the 
final yield of the condensation product, a range of temperatures, oxidant ratio, 
and oxidant efficiency, and substrate ratio were investigated as well as variation 
of the reaction time (refer to Figures 3.9-3.11). 
 
Figure 3.9. Effect of Substrate Concentration on Conversion and TON of 
Cinnamyl Alcohol Oxidation with TBHP. Reaction Conditions: Catalyst (10 
mg; 1 wt % metal), chlorobenzene as internal standard (80 mg), TBHP (70 wt % 





Figure 3.10.  Effect of Oxidant Concentration on Conversion and TON of 
Cinnamyl Alcohol Oxidation with TBHP. Catalyst (10 mg; 1 wt % metal), 
chlorobenzene as internal standard (80 mg), TBHP (70 wt % in H2O), tert-
butanol (7 mL), stirred for 5 hours at 70 oC. 
 
Figure 3.11.  Changes in Oxidant Efficiency with Oxidant/Substrate Mole 
Ratios. Catalyst (10 mg; 1 wt % metal), chlorobenzene as internal standard (80 
mg), TBHP (70 wt% in H2O; 0.245 mL), tert-butanol (7 mL), stirred for 5 hours 




Scheme 3.1. Oxidation of cinnamyl alcohol to cinnamaldehyde and subsequent 
Knoevenagel condensation with malononitrile to form cinnamylidene 
malononitrile. 
 
At first, all reactants to the vessel were combined at the beginning to test 
out the tandem reaction, however no reaction was observed (Table 3.1). This 
was unexpected given that both the gold nanoparticles and NH2-UiO-66 were 
shown to be active catalysts for the separate oxidation and condensation 
reactions respectively (Figures 3.9-3.11 and Tables 3.2-3.3).  
Table 3.1. Catalytic data for the tandem oxidation-condensation reaction using 
Au/NH2-UiO-66 as a bifunctional catalyst. 
 











1 >99 1 
Au/NH2-UiO-
66d  
34 79 >99 77 
aConversion of cinnamyl alcohol. bSelectivity to cinnamylidene malononitrile. 
cMalononitrile added at start of reaction. dMalononitrile added after 10 hours. 
 
Table 3.2.  Catalytic data for the oxidation of cinnamyl alcohol to 
cinnamaldehyde on Au/UiO-66 catalyst 
 





Blank 10 7 8 88 
Au/UiO-66 10 - - - 
aConversion of cinnamyl alcohol. bSelectivity to cinnamaldehyde. Reaction Conditions: 
cinnamyl alcohol (0.1 g), chlorobenzene (0.2 g), catalyst (40 mg), tert-butanol (8 mL), TBHP 




Table 3.3.  Catalytic data for the Knoevenagel condensation of cinnamaldehyde 
with malononitrile using NH2-UiO-66 as a catalyst 
 





Blank 24 37 40 93 
NH2-UiO-66 24 81 83 97 
aConversion of cinnamaldehyde. bSelectivity to cinnamylidene malononitrile. Reaction 
Conditions: cinnamaldehyde (0.1 g), chlorobenzene (0.2 g), catalyst (40 mg), malononitrile (0.1 
g), tert-butanol (8 mL), reflux, T = 90 oC. 
 
Upon closer analysis of the reaction process, malononitrile was 
identified to be inhibiting the oxidation step on the gold nanoparticles, likely 
due to unfavourable interactions between the malononitrile and the gold 
nanoparticles, possibly forming a hydride species that could adversely affect the 
oxidation reactions occurring at these sites.  
It can be seen from Figure 3.12 that the oxidation reaction was 90 % 
complete after 6 hours (red graph) and by extrapolation, the reaction should go 
to completion after 9 hours. As such this is when the addition of malononitrile 
should be undertaken. The Knoevenagel condensation reaction can be seen to 
occur a relatively slow rate. Addition of malononitrile at this point and 
subsequent reaction for a further 24 hours produced a good 77 % yield (green 
graph) of the final condensation product (cinnamylidene malononitrile) via this 
tandem one-pot method. Clearly, the catalyst is capable of undertaking both of 





Figure 3.12. Reaction profile of tandem oxidation and Knoevenagel 
condensation reactions. Cinnamyl alcohol (0.1 g), catalyst (40 mg; 1 wt % 
metal), chlorobenzene as internal standard (0.2 g), TBHP (70 wt% in H2O; 
0.245 mL), tert-butanol (7 mL), stirred for 10 hours at 70 oC. After 10 hours - 




Control tests (Tables 3.2 and 3.3) also clearly showed that these site-
isolated Au NPs and pendant amine sites are highly active and selective 
catalysts for their respective transformations in this multifunctional NP/MOF 
material. The amino-based catalyst showed negligible background activity 
based on the initial oxidation stage, and there were significant increases in 
conversions and selectivity with the catalyst in the subsequent condensation 
stage.  
Mechanistically, it has been well reported in the literature that for the 
gold nanoparticles, the surface adsorption of the aromatic alcohols along with 
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the formation of surface superoxo-species, [140a] promote the catalytic 
dehydrogenative oxidation of alcohols to aldehydes. [141c] As with 
homogeneous organocatalysts [159] and studies utilising NH2-MOFs [160] in 
Knoevenagel condensation reactions with benzaldehyde, the amine groups 
provide a basic active site with the necessary properties to catalyse the reaction; 
firstly, the amine groups facilitate abstraction of the methylene hydrogens from 
the malononitrile, forming a carbanion species that can react with the aldehyde, 
with the ejection of water resulting in the formation of the final α,β-unsaturated 
dicyano-product. [160] It is likely that this mechanism (Scheme 3.2) is also 
occurring in the case of cinnamaldehyde. 
 
 
Scheme 3.2. Suggested mechanism for amine-catalyzed knoevenagel 








In conclusion, a novel NP/MOF nanocomposite has been employed as a 
heterogeneous catalyst in a one-pot, tandem reactions involving selective 
oxidation of cinnamyl alcohol, a primary alcohol, followed by a subsequent 
Knoevenagel condensation of the resulting aldehyde product with malononitrile. 
Specifically, by demonstrating that colloidal gold nanoparticles can be 
deposited on the surface of nano-NH2-UiO-66 crystals through a facile colloidal 
immobilisation method, a novel nanocomposite material has been developed 
where both the gold nanoparticles and amino-groups on the MOF are active sites 
for sequential oxidation and condensation of cinnamyl alcohol to 
cinnamaldehyde and further to cinnamylidene malononitrile. This method also 
opens up the opportunity to perform easy couplings of α,β-unsaturated alcohols 
with reactive methylene compounds to form extended conjugated systems. With 
the abundance of catalytic applications for noble metal nanoparticles as well as 
functionalised MOF materials, the scope for further development of NP/MOF 
materials toward other cascade processes is vast. These materials could have a 
significant impact on reactions employed in the fine-chemical or 









3.5. Experimental and Supplementary Information for Chapter 3 
Materials and Methods 
Materials 
All standard chemicals were bought from Sigma-Aldrich, Acros 
Organics or VWR International and used without further purification. 
 
Synthesis of UiO-66 
In a 250 mL glass reaction bottle was measured ZrCl4 (0.640 g; 2.75 
mmol), terephthalic acid (0.473 g; 2.85 mmol) and N,N’-dimethylformamide 
(40 mL), then sonicated for 5 mins to dissolve all compounds. Benzoic acid 
(3.36 g; 27.50 mmol) was added and the solution sonicated for a further 5 mins 
until complete dissolution had occurred. The bottle was capped and placed in a 
preheated convection oven at 120 oC for 48 hours, then allowed to cool to RT 
naturally. Suspensions of the pale yellow product were collected by 
centrifugation at 10,000 rpm for 15 minutes. The supernatant was decanted off 
and the product washed twice with methanol (2x 60 mL), collecting each time 
by centrifugation as before. Products were then dried ready for analysis or 
further experiments. 
 
Synthesis of NH2-UiO-66 
In a 100 mL glass reaction bottle was measured ZrCl4 (0.163 g; 0.70 
mmol), 2-aminoterephthalic acid (0.13 g; 0.72 mmol) and N,N’-
dimethylformamide (40 mL), then sonicated for 5 mins to dissolve all 
compounds. Benzoic acid (0.85 g; 7.00 mmol) was added and the solution 
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sonicated for a further 5 mins until complete dissolution had occurred. The 
bottle was capped and placed in a preheated convection oven at 120 oC for 48 
hours, then allowed to cool to RT naturally. Suspensions of the pale yellow 
product were collected by centrifugation at 10,000 rpm for 15 minutes. The 
supernatant was decanted off and the product washed twice with methanol (2x 
60 mL), collecting each time by centrifugation as before. Products were then 
dried ready for analysis or further experiments. 
 
Synthesis of Colloidal Au NPs  
In a 150 mL glass vessel was measured methanol (80 mL), HAuCl4 
solution (0.38 mL; 10.61 mg/mL in H2O) and PVP solution (0.20 mL; 6.50 
mg/mL in H2O) and stirred vigorously. To the stirred solution, a freshly 
prepared aqueous solution of NaBH4 (0.51 mL; 0.1 M) was added dropwise over 
a period of 3 minutes, then left to stir for a further 2 hours. 
For a 1 wt % loading of Au NPs, UiO-66 or NH2-UiO-66 (200 mg) was 
added to the stirred Au NP sol and left to stir for 24 hours. The pink-purple 
powdered product was collected by centrifugation at 10,000 rpm for 15 minutes, 
the supernatant decanted and washed twice with methanol (2x 40 mL), collected 
by centrifugation each time as before. Products were then dried ready for 












To a glass vial (21 mL) was measured cinnamaldehyde (0.793 g; 6.0 
mmol), malononitrile (0.396 g; 6.0 mmol), imidazole (0.041 g; 0.6 mmol) and 
dichloromethane (12 mL). The mixture was stirred at room temperature for 2 
hours. The mixture was transferred to a separating funnel, water (15 mL) was 
added and products extracted using 2 x 10 mL of dichloromethane and dried 
over MgSO4. Evaporation of the solvent yielded large, yellow crystals. The 
product was confirmed by 1H NMR and referenced against reported data2 (1H 
NMR (400 MHz, CDCl3) δ (ppm) 7.27 (d, 2H, J= 9.84 Hz), 7.45-7.47 (m, 3H), 
7.59-7.61 (m, 3H)). 
 
Catalytic Reactions 
To a glass reactor was measured catalyst, reactants, chlorobenzene (as 
an internal standard) and tert-butanol as a solvent in pre-determined 
concentrations. The RBF was immersed in a preheated oil bath at 70 oC with 
stirring and left for the desired amount of time. Samples were extracted at 
varying time intervals, centrifuged and capped in a vial for GC analysis. (For 





Gas Chromatography (GC) Analysis 
All reaction samples and kinetic samples were analysed by GC-FID 
(flame ionisation detector) using a Perkin Elmer Clarus 480 fitted with an 
autosampler. Components were identified against known commercial standards 
(with the exception of cinammylidene malononitrile) and quantified using an 









Mass Balance (MB) calculations 
𝑀𝐵 (%) =
















Chapter 4: Novel Free-standing, Porous Hybrid Carbon 
Nanofibrous Architectures Derived from Metal−Organic 
Framework for High Performance Lithium Storage 
 
4.1. Nanoporous carbon materials   
Nanoporous carbon materials (NPC) with high specific surface area, 
narrow pore-size distribution, good thermal and electrical conductivity, good 
chemical stability and biocompatibility have been considered promising 
materials for a wide range of applications such as adsorption, separation, 
sensing, energy storage and conversion, etc. [161] To date, enormous efforts 
have been made in controlling the structure of NPC materials with various pore 
structures using "hard" or "soft" templating methods. [161e] These methods, 
however, suffer from either tedious and costly fabrication process or insufficient 
thermal stability that causes decomposition before completion of the 
carbonization process. Besides the construction of porous structure, it is more 
interesting to explore the possibility of enhancing and/or extending their 
properties by incorporation of well-dispersed metal nanoparticles in the NPC 
matrix through either a direct-synthesis approach or a post-loading approach. 
However, in many cases, the nanoparticles are randomly dispersed and/or 
seriously aggregated to form the large clusters. Therefore, it is extremely 
challenging to introduce uniformly dispersed crystalline metal nanoparticles 




4.1.1. Challenges to fabricate free-standing, interconnected nanoporous 
carbon architectures derived from MOF assemblies   
 
Recently, thermal decomposition of metal-organic frameworks (MOFs) 
has emerged as a novel template-free, facile method to synthesize hybrid NPCs. 
[162] The MOF-derived nanoporous carbons can be prepared from inexpensive 
precursors via scalable fabrication process with tunable compositions and sizes. 
The attractiveness of MOF-derived carbons lies in their high surface areas and 
ordered porous structures, high proportions of uniformly dispersed metal 
nanoparticles and well-developed graphitic carbon walls derived from the 
ordered crystal structures of MOFs. Serving MOFs with various functional 
metal species can provide a great opportunity to develop new types of carbon-
based nanoporous composites with promising applications. For example, via 
one-step carbonization of zeolitic imidazolate framework-67 (ZIF-67) crystals, 
Yamauchi's group developed nanoporous carbon particles with well-dispersed 
magnetic cobalt, which exhibited an excellent adsorption performance towards 
organic dye in pollutant water and could be separated by applying an external 
magnetic field. [162b] Tang et al developed core-shell structured nanoporous 
hybrid carbon materials via thermal treatment of ZIF-8@ZIF-67 crystals, which 
exhibited a distinguished electrochemical performance as an electrode in 
supercapacitors. [162f] Moreover, Al-PCP-derived highly porous carbon was 
examined as a sensing material for toxic aromatic compounds. [162d] The fast 
response and high uptakes toward aromatic compounds over the Al-PCP-
derived carbon was due to the presence of graphitic sp
2
-hybridized carbons. In 
most of the previous works, the MOF-derived carbon materials are fabricated 
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as bulk porous particles via directly carbonization of micron-sized MOF crystals, 
which causes difficulties in handling and recycling for specific applications and 
also affected the overall performance without structure integrity. It is therefore 
a great challenge to control the dimensions of the MOF crystals and fabricate 
free-standing, interconnected nanoporous carbon architectures derived from 
MOF assemblies.  
 
4.1.2. One-dimensional (1-D) functional composite nanofibers by 
electrospinning    
 
Development of one-dimensional (1-D) functional composite 
nanofibers by electrospinning has recently become a research area of intense 
interest for energy and environmental applications. [163] The most significant 
advantages of this technology is the convenience to incorporate active 
components (e.g. metal precursors, nanoparticles, ceramics, etc.) to the 
precursor solutions and the flexibility to control the morphology of the prepared 
carbon nanofibers via varying the electrospinning parameters and subsequent 
thermal treatment conditions, easily affording various hybrid nanofibers with 
desired compositions and surface properties. Our group has been actively 
developing electrospun carbon nanofibers for energy-related applications in the 
past few years, [164] and envisioned combining this technology with MOFs to 
generate innovative carbon nanostructures. Herein the preparation of an 
unprecedented zeolite imidazole framework (ZIF)-67 MOF-derived free-
standing, hybrid porous carbon nanocomposite fibrous architecture prepared via 
electrospinning, seed-mediated secondary growth followed by carbonization 
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and calcination will be described in detail. This will be followed by the study of 
the obtained MOF nanocomposite applied as binder-free anode material for 
lithium ion batteries (LIBs).  
 
Figure 4.1. Fabrication process of the free-standing MOF-derived 
nanocomposite carbon fibrous mats. 
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4.2. Fabrication process of the free-standing MOF-derived nanocomposite 
carbon fibrous mats 
 
The fabrication process of the MOF-derived nanocomposite porous 
carbon nanofibrous mats is demonstrated in Figure 4.1, which consists of three 
steps: electrospinning, seed-mediated secondary growth followed by 
carbonization and calcination. First, uniform ZIF-67 nanocrystals with a size 
around 200 nm were synthesized via a modified procedure based on the reported 
methodology, [165] which is then dispersed in N, N-dimethylformamide (DMF) 
under sonication and incorporated into a solution of polyacrylonitrile (PAN) in 
DMF under stirring.  The mixture was subjected to electrospinning to form a 
free-standing nanofibrous mat, in which the optimum weight ratio of ZIF-67 
nanocrystals to PAN is 4 : 6 to ensure a well-defined MOF-impregnated fibrous 
membrane with sufficient nucleation sites for the secondary growth. 
Subsequently, the hybrid fibrous mat was then immersed in the solution of 
cobalt chloride followed by slow addition of the organic linker. The mixture was 
kept standing still at 60 
o
C for 1 h to continuously grow MOF nanocrystals on 
the fibers. Finally, the integrated ZIF-67-based fibrous mat was subjected to 
direct carbonization at 750 
o
C followed by calcination at 300 
o
C in the air for 1 












4.3. Electrospinning and seed-mediated growth of MOF-derived 
nanocomposite fibrous mats 
 
 
Figure 4.2. Left: SEM images (a) ZIF-67 nanocrystals; (b) as-spun ZIF-67/PAN 
fibers; (c) ZIF-67/PAN fibers after secondary growth. Right: XRD spectra of (d) 
ZIF-67 nanocrystals; (e) as-spun ZIF-67/PAN fibers; (f) ZIF-67/PAN fibers 
after secondary growth. 
 
The morphology and crystal structure of the prepared ZIF-67 
nanocrystals, as-spun ZIF-67/PAN fibers and ZIF-67/PAN fibers after 
secondary growth are studied by scanning electron microscopy (SEM) and 
powder X-Ray diffraction (PXRD) analysis. Figure 4.2a shows that 
monodispersed ZIF-67 nanoparticles with an average size of around 200 nm are 
obtained without aggregation. The presence of sharp peaks in their XRD pattern 
(Figure 4.2d) demonstrates a high crystallinity of the synthesized ZIF-67, 
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which is in good agreement with published crystal structure data.[166] After 
electrospinning, the diameters of the as-spun ZIF-67/PAN fibers are found to 
be around 500 nm (Figure 4.2b) with all of the MOF nanoparticles embedded 
in the fibers. The XRD pattern of the as-spun fibers (Figure 4.2e) exhibits the 
characteristic peaks of the standard ZIF-67 crystals and also implies that the 
structure of the ZIF-67 nanocrystals remain intact during the electrospinning 
process and they are partially exposed on the fiber surface to act as seed for the 
secondary growth.  
The SEM image (Figure 4.2c) and diffraction peaks (Figure 4.2f) of the 
hybrid fibrous mat after secondary growth reveals that nano-sized ZIF-67 
crystals (150-200 nm) are successfully grown along the fibers and formed a 
continuous and compact sheath on the surface. It’s known that during 
crystallization of colloidal particles, the rate of nucleation determines the 
particle size. [167] Fast nucleation leads to large production of nuclei due to 
shortened crystal growth, which ultimately gives smaller particles. In this 
secondary growth procedure, the MOF-embedded electrospun fibers were first 
soaked thoroughly in the solution of cobalt precursor to anchor the metal ions 
onto the fibers. Upon the addition of organic linker solution, the nucleation 
reaction rate on the surface of the fibers was increased and thus led to the 
uniform formation of ultra small MOF crystals (150-200 nm) that decorates the 
entire surface of the fiber under mild temperature (60 oC) within a short reaction 
period (1 hour). This seed-mediated growth strategy which gave rise to nano-
sized MOF crystals is different from the generally employed 
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methodologies[168] that require high temperature and long reaction periods to 
generate the formation of micron-sized MOF crystals.  
 
4.4. Synthesis of free-standing MOF-derived nanocomposite carbon 
fibrous mats 
 
After direct carbonization at 750oC, the obtained ZIF-67-derived hybrid 
carbon fibers can still maintain the free-standing structure with good mechanical 
strength that can be directly utilized as binder-free electrode materials. As 
revealed in the SEM and transmission electron microscopy (TEM) images 
(Figure 4.3a-d), these carbon fibers exhibit a unique porous network structure 
which is composed of ZIF-67-derived hollow carbon nanocages interconnected 
in one dimension. As shown in the high resolution TEM images (Figure 4.3e-
g), the carbon walls are well-graphitized and uniformly doped with very fine 
cobalt nanoparticles (as revealed in their XRD patterns in Figure 4.5a) with 
sizes ranging from 10-20 nm. The content of the metal was determined to be as 
high as 33.5 wt % by inductively coupled plasma mass spectrometry (ICP-MS) 
elemental analysis.  
After post calcination at 300 oC for 1h, the Co/carbon fibers could be 
successfully converted to Co3O4/carbon fibers, as evidenced by their XRD 
patterns shown in Figure 4.5a.  Three dimensional (3D)-TEM (Figure 4.4a-b) 
was performed to gain further insight into the unique nanostructure, which 
verified the uniform distribution of the metal nanoparticles in the bicontinuous 
porous carbon architecture.  
81 
 
The carbon structure of the ZIF-67-derived Co3O4/carbon fibers was 
studied by Raman spectroscopy as displayed in Figure 4.5b. The peak intensity 
ratio of D band (1350 cm-1, disordered carbon) to G-band (1580 cm-1, sp2 carbon) 
is as low as 0.73, indicating a high proportion of graphitic carbon was formed 
under the catalysis of cobalt and also due to the ordered crystal structure of the 
MOF nanoparticles. X-ray photoelectron spectroscopy (XPS) was conducted to 
study the elemental composition and chemical state of nitrogen in the carbon 
matrix. The atomic ratio of nitrogen estimated from the XPS spectrum was 6.3 % 
and the N 1s spectrum (Figure 4.5c) can be mainly fitted into two component 
peaks centered at 398.4 and 401.0, eV, which could be identified to pyridinic 
nitrogen (30.3%) and quaternary nitrogen (69.7%), respectively. The quaternary 
nitrogen has been known to increase the electronic conductivity by generating 
excessive electrons, which thereby contributes to the rate capability.[169a] The 
mechanism of Li storage in N-rich carbon is postulated to relate to the strong 
electronegativity of nitrogen and the hybridization of nitrogen lone pair 
electrons with the π electrons in carbon, which makes favorable binding sites 
for Li storage.[169b] Moreover, the existence of N atoms also creates defects in 




Figure 4.3. SEM images (a and b) and TEM images (c, d, e, f, g) of ZIF-67-










Figure 4.4. (a) 3D TEM image of the ZIF-67-derived Co3O4/carbon fibers; (b) 





Figure 4.5. (a) XRD patterns of ZIF-67-derived carbon fibers after 
carbonization under argon and calcination in the air; (b) Raman spectra of ZIF-
67-derived Co3O4/carbon fibers; (c) XPS N1s scan of ZIF-67-derived 
Co3O4/carbon fibers. 
 
The surface area and porosity of this hybrid porous carbon material was 
examined by nitrogen adsorption–desorption isotherms (Figure 4.6a), which 
represents a typical type-IV curve. The desorption branch exhibits a large 
hysteresis loop in the range of P/P0 = 0.4−1 with a sudden closure at P/P0 =∼0.4. 
It is associated with the ink-bottle type pores and is normally observed in hollow 
mesoporous carbon materials [170] due to the delay of N2 evaporation from the 
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hollow voids blocked by the surrounding micro-/mesoporous carbon wall 
during the N2 desorption process. The specific surface area estimated by the 
Brunauer−Emmett−Teller (BET) method is 257 m2/g, which is much lower than 
that of the original ZIF-67 crystals due to the collapse and merger of the well-
defined micropores during carbonization and graphitization of the amorphous 
carbon.[171] The micropore volume is calculated to be 0.052 cm3/g using the 
Barrett−Joyer−Halenda (BJH) method, accounting for 11% of the total pore 
volume which can reach as high as 0.485 cm3/g. As revealed in the pore size 
distribution curve (Figure 4.6b), this material possesses plenty of mesopores 
with a maximum diameter frequency near 3 and 40 nm, which can provide 
superior mass transportation pathways, together with the conductive graphitic 
carbon shells, to improve the Li-ion and electron transfer rate. The existence of 
sufficient micropores can bring about numerous accommodation sites for Li-ion 
storage and thereby contribute to the specific capacity of the electrode. The 
above BET reports indicate the ZIF-67-derived hierarchical porous hybrid 
carbon fibrous material would exhibit favorable electrochemical properties in 







Figure 4.6. (a) Nitrogen adsorption/desorption isotherms and (b) BJH pore size 




4.5. Electrochemical performance of free-standing MOF-derived 




Figure 4.7. (a) CV curves in the first five cycles at a scan rate of 0.01 V s−1; (b) 
initial discharge/charge curves at a current rate of 50 mA g−1. 
 
The electrochemical performance of the ZIF-67-derived porous 
Co3O4/carbon fibers was investigated as anode in LIBs. Figure 4.7a-b shows 
the cyclic voltammograms and galvanostatic charge/discharge curves of the 
material at a current density of 50 mA g−1 in the voltage range of 0.005-3.0 V. 
The first discharge curve shows an obvious voltage plateau at around 1.0 V 
followed by a gradual slope leading to a high initial discharge capacity of 1466 
mAh g−1. The discharge plateau of the Co3O4/carbon fibers, which is in good 
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agreement with the sharp cathodic peak in the corresponding CV curve, can be 
ascribed to the reduction of Co3O4 into metal Co accompanying with the 
generation of Li2O and the irreversible formation of solid electrolyte interface 
(SEI) films, which is typical for Co3O4/carbon electrode. [172] In the successive 
cycles, the main reduction peak is shifted to a higher potential of around 1.2 V 
and the electrochemical reversibility of the electrode is greatly improved as it 
can be seen that the position and intensity of the peaks remain constant upon 
cycling. In the anodic process, the main oxidation peak has been recorded at 2.2 
V, corresponding to the reformation of Co3O4 during the oxidation metal Co 
with Li2O. The charge capacity increases from 987 to 1074 mAh g
−1 in the first 
ten cycles, probably due to the activation and stabilization processes in the 
electrode. [173]  
Figure 4.8a shows the cycling behavior of the ZIF-67-derived 
Co3O4/carbon fibrous mats at a current density of 100 mA g
-1. As comparison, 
the performance of nano ZIF-67-derived carbon and ZIF-67-embedded carbon 
fibers, which were fabricated through direct carbonization and calcination of the 
ZIF-67 nanocrystals and the as-spun ZIF-67 embedded nanofibrous mats, 
respectively were investigated. It can be seen that in the first cycle, the pure 
ZIF-67-derived carbon, which aggregated in large amounts to form particles 
with irregular shape after heat treatment (Figure 4.9a), could reach a high 







Figure 4.8. (a) Cyclic stability of ZIF-67-derived carbon fibers at a current 
density of 100 mA g−1, in comparison with nano ZIF-67-derived carbon and 
ZIF-67 embedded electrospun carbon fibers; (b) rate capacity of ZIF-67-based 
electrospun carbon fibers at different current densities, in comparison with ZIF-






Figure 4.9. TEM images of (a) nano ZIF-67 derived carbon; (b) ZIF-67 
embedded carbon fibers. 
 
 
However, the value decreased dramatically during the subsequent few 
cycles and dropped to below 50 mA h g-1 within the initial ten cycles. This could 
be ascribed to the structure collapse and aggregation of the metal during 
lithiation/delithiation. Clearly, after dispersion and impregnation of these bulk 
MOF nanocrystals in electrospun fibers, the cyclic performance of the resulting 
hybrid carbon fibers (Figure 4.9b) is greatly improved and exhibits a stable 
charge capacity above 600 mA h g-1 after 50 cycles. After further growth of 
ZIF-67 nanocrystals onto the as-spun fibers, the reversible specific capacity of 
the obtained ZIF-67-derived carbon fibrous mats is enhanced to ca. 1170 mA h 
g-1 with negligible loss after 100 cycles, which is remarkably higher than most 






Table 4.1. Performance comparison of recently developed Co3O4-based anode 
materials for lithium ion batteries. 
 
Material Reversible charge 
capacity at low current 
rate 





1170 mAh/g at 100 mA/g ca. 850, 670, 500, 420 and 330 
mAh/g at 1, 2, 3, 4 and 5 A/g 
Co3O4/MWCNT 
[174b] 




1121 mAh/g at 200 mA/g ca. 850, 750, 607 mAh/g at 1, 
2 and 3 A/g 
Co3O4− Fe2O3/C 
[172d] 
700 mAh/g at 445 mA/g 505, 434, and 395 mAh/g at 




608 mAh/g at 445 mA/g ca. 740, 590, 450 mAh/g at 
1C, 2C and 3C (1C=890 A/g) 
Co3O4 nanotube 
[172f] 
856 mAh/g at 223 mA/g 782 and 740 mAh/g at 1C and 
2C (1C=890 A/g) 
Co3O4/C/graphene 
[172g] 
890 mAh/g at 100 mA/g ca. 600 mAh/g at 1 A/g 
 
 
More attractively, the graphitic porous carbon spheres exhibit 
impressive high-rate performance, which is among the best of the present 
Co3O4/carbon anode materials [174] (Table 4.1). As shown in Figure 4.8b, the 
specific capacity decreases very slowly with increasing the charging currents 
step by step. A charge capacity of 850, 670, 500, 420 and 330 mA h g-1 was 
retained at a current density of 1, 2, 3, 4 and 5 A g-1, respectively. The rate 
capacity almost rebounds back to the original value and keeps stable when a 
low rate of 100 mA g-1 was applied again. The outstanding high-rate 
performance of this material can be attributed to the nitrogen-doped graphitic 
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carbon shells for improving electrical conductivity as well as the interconnected 
bicontinuous porous structure which provide short pathways for the Li ion 
diffusion and electron transportation. In addition, it is likely that the quaternary 
nitrogen formed in the graphitic carbon walls contributes to the excellent rate 
capability via by generating excessive electrons for enhancement of electrical 
conductivities. The superior high-rate performance and excellent cyclic stability 
demonstrates the great potential of this material for practical applications. 
 
4.6. Conclusion 
In summary, the present work provides a facile and scalable process to 
generate a new kind of highly porous hybrid carbon MOF-derived 
nanocomposite fibrous material by employing electrospun fibers as template. 
It’s noteworthy that nano-sized (100-200 nm) MOF crystals are first grown via 
stepwise addition of metal precursor followed by organic linker. After heat 
treatment, the resulting porous carbon architecture presents a unique structure 
which is a 1D assembly of interconnected hollow carbon nanocages with 
abundant micro-/mesopores and high content of uniformly doped Co3O4 metal 
nanoparticles in the carbon matrix. Such structure guarantees maximum 
accessibility of active components and great tolerance for volume change during 
lithiation/delithiation, and provides more continuous and shorter pathways for 
lithium ion and electron transportation. Moreover, the highly crystallized carbon 
structures as well as the heteroatom doping further contribute to their 
performance due to the improved electrical conductivity and electrochemical 
reactivity. When applied as a binder-free anode material for LIBs, the porous 
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Co3O4/carbon nanofibers exhibit high reversible capacity (ca. 1170 mA h g−1 at 
100 mA g−1), excellent cycling stability and outstanding performance at high 
current densities (ca. 850, 670, 500, 420, 330 mA h g-1 obtained at a current 
density of 1, 2, 3, 4 and 5 A g-1, respectively), demonstrating extensive 
application prospects of this novel MOF-derived nanocomposite porous carbon 
material. Compared to other MOF-derived carbons which are prepared in bulk 
powder form, this free-standing carbon network provides extra convenience in 
handling and recycling, and also effectively avoid aggregation of the MOF 
crystals. This reported methodology can be extended to other kinds of MOFs 
for a wide variety of applications in energy storage/conversion, catalysis, 
sensing, adsorption, etc.   
 
4.7. Experimental and Supplementary Information for Chapter 4 
Materials and Methods 
Materials 
Preparation of ZIF-67 nanocrystals 
ZIF-67 nanocrystals with an average size of around 200 nm were 
prepared as follows. 0.9 g Cobalt nitrate hexahydrate and 11 g 2-
methylimidazole (Hmim) were dissolved in 3 mL and 20 mL deionized (DI) 
water, respectively under sonication. Then the cobalt nitrate solution was 
injected to the 2-methylimidazole solution and the mixture was stirred for 1 h 
at room temperature. The resulting purple precipitates were collected by 
centrifuging at 9000 rpm for 20 min, and then washed with water, methanol and 





Preparation of ZIF-67 embedded electrospun fibers 
328 mg polyacrylonitrile (PAN, Mw = 150000) was dissolved in 2.0 g 
N,N-dimethylformamide (DMF) under magnetic stirring at 60 
o
C for 0.5 h and 
then cooled down to room temperature. 218 mg ZIF-67 nanoparticles (100-200 
nm) were dispersed in 1.77 g DMF under sonication for 10 min and then the 
suspension was injected into the above PAN solution under stirring. After 
continuous stirring at room temperature overnight, the mixture was placed in a 
2 mL plastic syringe fitted with a flap tip 22 G needle and was electrospun using 
a horizontal electrospinning setup with air humidity lower than 30%. Typically, 
electrospinning was performed at 8.5-9.5 kV with a feeding rate of 0.5 mL/h 
and the needle tip-to-plate substrate distance was 10 cm. The nanofibers were 
collected on aluminum foil and dried under vacuum at 80oC overnight.  
 
Growth of ZIF-67 nanocrystals on the ZIF-67/PAN electrospun fibers 
A piece of ZIF-67 embedded electrospun fibrous mat (2.5 cm ⨯ 2.5 cm) 
was immersed in a solution of 17.6 mg cobalt chloride in 3 mL methanol. 
Another 89.5 mg Hmim was separately dissolved in 3 mL of methanol and 
added to the former mixture dropwisely. The resultant mixture was then kept in 
the oven at 60 
o
C for 1 h. Upon cooling down to room temperature, the dark 
blue ZIF-67-based nanofibrous mat was washed thoroughly with cold methanol 
several times and finally dried under vacuum at 80 
o





Preparation of ZIF-67-derived Co3O4 /carbon fibrous mats 
The dried ZIF-67-based nanofibrous mats mats were directly carbonized 
in tube furnace under a flow of argon (150 cm
3
 STP/min). The temperature was 
ramped from 25 to 750 
o




 and kept at 750 
o
C for 3 h to yield 





fibrous mats via calcination at 300 
o
C in the air for 1 h. 
 
Measurements and characterization methods 
General methods 
The size, morphology, and microstructures of the ZIF-67 nanocrystals 
and the hybrid nanofibrous mats were observed under a field-emission scanning 
electron microscopy (FESEM, JEOL JSM 6700) at an accelerating voltage of 5 
kV and a high resolution transmission electron microscope (TEM, Philips 
CM300). For TEM imaging, the hybrid carbon fibrous mats were broke into 
small pieces under sonication in ethanol and the mixture was dropped onto 
holey carbon coated copper grids. The crystal structures of ZIF-67 were studied 
by powder X-ray diffraction (PXRD) measurements, which was performed on 
Bruker D8 advance powder X-ray diffractometer. The chemical states of the 
metal in the hybrid carbon fibrous mats were analyzed by wide-angle X-ray 
diffraction (WXRD) performed with a Bruker D8 Discover GADDS X-ray 
diffractometer with Cu Kα radiation and the carbon structure was studied by 
Raman spectroscopy recorded on a Jobin Yvon T64000 triple spectrograph 
micro-Raman system. The metal content of the hybrid carbon fibers was 
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measured by inductively coupled plasma mass spectrometry (ICP-MS) analysis. 
The surface chemistry of the hybrid carbon fibers was studied by X-ray 
photoelectron spectroscopy (XPS) analysis, which was conducted on a VG 
ESCA LAB-220i XL X-ray photoelectron spectrometer with an exciting source 
of Al. The N
2
 adsorption/desorption isotherms at −196 °C were measured using 
a Micromeritics ASAP 2020 system. The Brunauer−Emmett−Teller (BET) 
surface area was evaluated using N
2 
adsorption data in the relative pressure  
(P/P
0
) range of 0.06−0.2 and the pore size distribution was calculated by 
analyzing the adsorption branch of the N
2
 isotherms using the Barrett-Joyner-
Halenda (BJH) method. 
 
Electrochemical Measurements 





fibrous mats were evaluated as anode in lithium-ion batteries. The free-standing 
hybrid carbon fibrous mats were punched into discs of 15 mm in diameter and 
assembled into 2032 button cells in an argon-filled glove box with lithium foil, 
Celgard2325 membrane and 1 M LiPF
6
 in ethylene 
carbonate/dimethylcarbonate (1:1 v/v ratio), copper/aluminum foil as the 
counter electrode, separator, electrolyte and current collectors, respectively. The 
charge−discharge testing was conducted on NEWARE battery tester at different 
current densities with a cutoff voltage window of 0.005−3.0 V. Rate capacities 
were obtained via discharging at 50 mA g
−1
 and charging at various current 
densities. The cyclic voltammetry test was performed on an electrochemical 
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workstation (PGSTAT302, Autolab) within a voltage window of 0−3.0 V and at 





Method for growth of micron-sized ZIF-67 crystals on the as-spun ZIF-
67/PAN fibers: 
 
A piece of ZIF-67 embedded electrospun fibrous mat (2.5 cm ⨯ 2.5 cm) 
was immersed in a solution of 176 mg cobalt chloride in 3 mL methanol. 
Another 895 mg Hmim was separately dissolved in 3 mL of methanol and added 
to the former mixture dropwisely. The resultant mixture was then kept in the 
oven at 60 
o
C for 12 h. Upon cooling down to room temperature, the dark blue 
ZIF-67-based nanofibrous mat was washed thoroughly with cold methanol 
several times and finally dried under vacuum at 80 
o
C overnight.  After 
carbonization at 750 oC for 3 h, the obtained carbon fibrous mats were very 
fragile and easily broke to pieces upon gentle press.  
 
Figure S4.1. SEM images of ZIF-67-based electrospun fibers with micron-
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387-404). P. Gómez-Romero, & C. Sanchez (Eds.). Wiley-VCH: Weinheim, 
Germany. 
 
[48] Ruiz-Hitzky, E., Ariga, K., & Lvov, Y. M. (Eds.). (2008). Bio-inorganic 
Hybrid Nanomaterials: Strategies, Synthesis, Characterization and 
Applications. John Wiley & Sons. 
100 
 
[49] Sanchez, C., Shea, K., Kitagawa, S. (2011) Hybrid materials themed issue. 
Chem Soc Rev 40:696–753. 
 
[50] Buehler, M. J., Rabu, P., & Taubert, A. (2012). Advanced hybrid materials: 
Design and applications. European Journal of Inorganic Chemistry, 2012(32), 
5092-5093.  
 
[51] Buehler, M. J., Rabu, P., & Taubert, A. (2012). Advanced hybrid materials: 
Design and applications. European Journal of Inorganic Chemistry, 2012(32), 
5092-5093. 
 
[52] Sanchez, C., Laine, R.M., Yang, S., Brinker, C.J. (2002). Proceedings of 
the Materials Research Society Symposium. Materials Research Society: 
Pittsburgh, PA, USA. 
 
[53] Kickelbick, G. (2003). Concepts for the incorporation of inorganic building 
blocks into organic polymers on a nanoscale. Progress in polymer science, 
28(1), 83-114. 
 
[54] Schubert, U. (2004). Organofunctional metal oxide clusters as building 
blocks for inorganic-organic hybrid materials. Journal of sol-gel science and 
technology, 31(1-3), 19-24. 
 
[55] Schubert, U. (2011). Cluster-based inorganic–organic hybrid materials. 
Chemical Society Reviews, 40(2), 575-582. 
 
[56] Férey, G. (2000). Building units design and scale chemistry. Journal of 
Solid State Chemistry, 152(1), 37-48. 
 
[57] Férey, G. (2007). Metal-organic frameworks: The young child of the 
porous solids family. Studies in surface science and catalysis, 66-84. 
 
[58] Férey, G. (2009). The long story and the brilliant future of crystallized 
porous solids. In Molecular Networks (pp. 107-134). Springer Berlin 
Heidelberg. 
 
[59] Ockwig, N. W., Delgado-Friedrichs, O., O'Keeffe, M., & Yaghi, O. M. 
(2005). Reticular chemistry: occurrence and taxonomy of nets and grammar for 
the design of frameworks. Accounts of chemical research, 38(3), 176-182. 
 
[60] Furukawa, H., Cordova, K. E., O’Keeffe, M., & Yaghi, O. M. (2013). The 
chemistry and applications of metal-organic frameworks. Science, 341(6149), 
1230444. 
  
[61] Müller, U., Schubert, M. M., & Yaghi, O. M. (2008). Chemistry and 





[62] O’Keeffe, M., Peskov, M. A., Ramsden, S. J., & Yaghi, O. M. (2008). The 
reticular chemistry structure resource (RCSR) database of, and symbols for, 
crystal nets. Accounts of chemical research, 41(12), 1782-1789. 
 
[63] Rowsell, J. L., & Yaghi, O. M. (2004). Metal–organic frameworks: a new 
class of porous materials. Microporous and Mesoporous Materials, 73(1), 3-14. 
 
[64] Tranchemontagne, D. J., Mendoza-Cortés, J. L., O’Keeffe, M., & Yaghi, 
O. M. (2009). Secondary building units, nets and bonding in the chemistry of 
metal–organic frameworks. Chemical Society Reviews, 38(5), 1257-1283. 
 
[65] Tranchemontagne, D. J., Ni, Z., O'Keeffe, M., & Yaghi, O. M. (2008). 
Reticular chemistry of metal–organic polyhedra. Angewandte Chemie 
International Edition, 47(28), 5136-5147. 
 
[66] Yaghi, O. M., Li, H., Davis, C., Richardson, D., & Groy, T. L. (1998). 
Synthetic strategies, structure patterns, and emerging properties in the chemistry 
of modular porous solids. Accounts of Chemical Research, 31(8), 474-484. 
 
[67] Yaghi, O. M., O'Keeffe, M., Ockwig, N. W., Chae, H. K., Eddaoudi, M., 
& Kim, J. (2003). Reticular synthesis and the design of new materials. Nature, 
423(6941), 705-714. 
 
[68] Tai, X., hong Ma, J., Du, Z., Wang, W., & Wu, J. (2013). A simple method 
for synthesis of thermal responsive silica nanoparticle/PNIPAAm hybrids. 
Powder technology, 233, 47-51. 
 
[69] Foo, M. L., Matsuda, R., & Kitagawa, S. (2013). Functional hybrid porous 
coordination polymers. Chemistry of Materials, 26(1), 310-322. 
 
[70] Janiak, C., & Henninger, S. K. (2013). Porous coordination polymers as 
novel sorption materials for heat transformation processes. CHIMIA 
International Journal for Chemistry, 67(6), 419-424. 
 
[71] Artyushkova, K., & Fulghum, J. E. (2001). Quantification of PVC–PMMA 
polymer blend compositions by XPS in the presence of x‐ray degradation 
effects. Surface and interface analysis, 31(5), 352-361. 
 
[72] Bourgeat-Lami, E. (2007). Hybrid organic/inorganic particles. Hybrid 
materials, synthesis, characterization and applications, 87-148. 
 
[73] Ebrahimi, F. (Ed.). (2012). Nanocomposites: New Trends and 
Developments. InTech. 
 




[75] Mittal, V. (2009). Polymer Nanocomposites: Advances in Filler Surface 
Modification Techniques. Nova Science Publishers. 
 
[76] Lebeau, B., Patarin, J., & Sanchez, C. (2004). Design and Properties of 
Hierarchically Organized Hybrid Organic-Inorganic Nanocomposites 
(Review). Advances in technology of materials and materials processing 
journal, 6, 298-307. 
 
[77] Sanchez, C., Boissiere, C., Coupe, A., Goettmann, F., Grosso, D., Julian, 
B., Llusar, M., & Nicole, L. (2005). Design of functional nano-structured 
inorganic and hybrid materials. Studies in Surface Science and Catalysis, 156, 
19-36. 
 
[78] Sanchez, C., Crepaldi, E. L., Bouchara, A., Cagnol, F., Grosso, D., & de 
AA Soler-Illia, G. J. (2002). Design of Transition Metal Oxide and Hybrid 
Mesoporous Materials. In MRS Proceedings (Vol. 728, pp. S1-2). Cambridge 
University Press. 
 
[79] Sanchez, C., & Lebeau, B. (2001). Design and properties of hybrid 
organic–inorganic nanocomposites for photonics. Mrs Bulletin, 26(05), 377-
387. 
 
[80] Sanchez, C., & Ribot, F. (1994). Design of hybrid organic-inorganic 
materials synthesized via sol-gel chemistry. New Journal of Chemistry, 18(10), 
1007-1047. 
 
[81] Sanchez, C., Rozes, L., Ribot, F., Laberty-Robert, C., Grosso, D., Sassoye, 
C., Boissiere, C., & Nicole, L. (2010). “Chimie douce”: A land of opportunities 
for the designed construction of functional inorganic and hybrid organic-
inorganic nanomaterials. Comptes Rendus Chimie, 13(1), 3-39. 
 
[82] Sanchez, C., Galo, J., Ribot, F., & Grosso, D. (2003). Design of functional 
nano-structured materials through the use of controlled hybrid organic–
inorganic interfaces. Comptes Rendus Chimie, 6(8), 1131-1151. 
 
[83] Vioux, A. (1997). Nonhydrolytic sol-gel routes to oxides. Chemistry of 
Materials, 9(11), 2292-2299. 
 
[84] Niederberger, M. (2007). Nonaqueous sol–gel routes to metal oxide 
nanoparticles. Accounts of chemical research, 40(9), 793-800. 
 
[85] Pinna, N., & Niederberger, M. (2008). Surfactant‐Free Nonaqueous 
Synthesis of Metal Oxide Nanostructures. Angewandte Chemie International 
Edition, 47(29), 5292-5304. 
 




[87](a) Perro, A., Reculusa, S., Ravaine, S., Bourgeat-Lami, E., & Duguet, E. 
(2005). Design and synthesis of Janus micro-and nanoparticles. Journal of 
materials chemistry, 15(35-36), 3745-3760; 
(b) Walther, A., & Müller, A. H. (2013). Janus particles: synthesis, self-
assembly, physical properties, and applications. Chemical reviews, 113(7), 
5194-5261; 
(c) Jiang, S., Granick, S., & Schneider, H. J. (2012). Janus particle synthesis, 
self-assembly and applications. Royal Society of Chemistry; 
(d) Hong, L., Cacciuto, A., Luijten, E., & Granick, S. (2006). Clusters of 
charged Janus spheres. Nano letters, 6(11), 2510-2514. 
 
[88] Hong, L., Cacciuto, A., Luijten, E., & Granick, S. (2008). Clusters of 
amphiphilic colloidal spheres. Langmuir, 24(3), 621-625. 
 
[89] Chen, Q., Bae, S. C., & Granick, S. (2011). Directed self-assembly of a 
colloidal kagome lattice. Nature, 469(7330), 381-384. 
 
[90] Yan, J., Chaudhary, K., Bae, S. C., Lewis, J. A., & Granick, S. (2013). 
Colloidal ribbons and rings from Janus magnetic rods. Nature 
communications, 4, 1516. 
 
[91] Chen, Q., Whitmer, J. K., Jiang, S., Bae, S. C., Luijten, E., & Granick, S. 
(2011). Supracolloidal reaction kinetics of Janus spheres. Science, 331(6014), 
199-202. 
 
[92] Yan, J., Bloom, M., Bae, S. C., Luijten, E., & Granick, S. (2012). Linking 
synchronization to self-assembly using magnetic Janus colloids. Nature, 
491(7425), 578-581. 
 
[93] Gangwal, S., Cayre, O. J., & Velev, O. D. (2008). Dielectrophoretic 
assembly of metallodielectric Janus particles in AC electric fields. Langmuir, 
24(23), 13312-13320. 
 
[94] Nisisako, T., Torii, T., Takahashi, T., & Takizawa, Y. (2006). Synthesis of 
monodisperse bicolored janus particles with electrical anisotropy using a 
microfluidic Co‐Flow system. Advanced Materials, 18(9), 1152-1156. 
 
[95] Yin, S. N., Wang, C. F., Yu, Z. Y., Wang, J., Liu, S. S., & Chen, S. (2011). 
Versatile Bifunctional Magnetic‐Fluorescent Responsive Janus Supraballs 
Towards the Flexible Bead Display. Advanced materials, 23(26), 2915-2919. 
 
[96] Hu, S. H., & Gao, X. (2010). Nanocomposites with spatially separated 
functionalities for combined imaging and magnetolytic therapy. Journal of the 
American Chemical Society, 132(21), 7234-7237. 
 
[97] Wang, F., Pauletti, G. M., Wang, J., Zhang, J., Ewing, R. C., Wang, Y., & 
Shi, D. (2013). Dual surface‐functionalized janus nanocomposites of 
104 
 
polystyrene/Fe3O4@ SiO2 for simultaneous tumor cell targeting and stimulus‐
induced drug release. Advanced Materials, 25(25), 3485-3489. 
 
[98] Jiang, S., Granick, S., & Schneider, H. J. (2012). Janus particle synthesis, 
self-assembly and applications. Royal Society of Chemistry. 
 
[99] Liang, F., Zhang, C., & Yang, Z. (2014). Rational design and synthesis of 
Janus composites. Advanced Materials, 26(40), 6944-6949. 
 
[100](a) Furukawa, S., Hirai, K., Nakagawa, K., Takashima, Y., Matsuda, R., 
Tsuruoka, T., Kondo, M., Haruki, R., Tanaka, D., Sakamoto, H., & Shimomura, 
S. (2009). Heterogeneously Hybridized Porous Coordination Polymer Crystals: 
Fabrication of Heterometallic Core–Shell Single Crystals with an In‐Plane 
Rotational Epitaxial Relationship. Angewandte Chemie International 
Edition, 48(10), 1766-1770; 
(b) Koh, K., Wong-Foy, A. G., & Matzger, A. J. (2009). MOF@ MOF: 
microporous core–shell architectures. Chemical Communications, (41), 6162-
6164; 
(c) Furukawa, S., Hirai, K., Takashima, Y., Nakagawa, K., Kondo, M., 
Tsuruoka, T. Sakata, O., & Kitagawa, S. (2009). A block PCP crystal: 
anisotropic hybridization of porous coordination polymers by face-selective 
epitaxial growth. Chemical Communications, (34), 5097-5099; 
(d) Hirai, K., Furukawa, S., Kondo, M., Uehara, H., Sakata, O., & Kitagawa, S. 
(2011). Sequential Functionalization of Porous Coordination Polymer 
Crystals. Angewandte Chemie International Edition, 50(35), 8057-8061. 
 
[101] (a) Costi, R., Saunders, A. E., & Banin, U. (2010). Colloidal hybrid 
nanostructures: a new type of functional materials. Angewandte Chemie 
International Edition, 49(29), 4878-4897; 
(b) Robinson, R. D., Sadtler, B., Demchenko, D. O., Erdonmez, C. K., Wang, 
L. W., & Alivisatos, A. P. (2007). Spontaneous superlattice formation in 
nanorods through partial cation exchange. Science, 317(5836), 355-358; 
(c) Habas, S. E., Lee, H., Radmilovic, V., Somorjai, G. A., & Yang, P. (2007). 
Shaping binary metal nanocrystals through epitaxial seeded growth. Nature 
materials, 6(9), 692-697; 
(d) Zeng, H., Li, J., Liu, J. P., Wang, Z. L., & Sun, S. (2002). Exchange-coupled 
nanocomposite magnets by nanoparticle self-assembly. Nature, 420(6914), 
395-398. 
 
[102](a) Dybtsev, D. N., Chun, H., & Kim, K. (2004). Rigid and Flexible: A 
Highly Porous Metal–Organic Framework with Unusual Guest‐Dependent 
Dynamic Behavior. Angewandte Chemie, 116(38), 5143-5146; 
(b) Férey, G. (2008). Hybrid porous solids: past, present, future. Chemical 
Society Reviews, 37(1), 191-214; 
(c) Janiak, C., & Vieth, J. K. (2010). MOFs, MILs and more: concepts, 
properties and applications for porous coordination networks (PCNs). New 
Journal of Chemistry, 34(11), 2366-2388. 
105 
 
[103] Long, J. R., & Yaghi, O. M. (2009). The pervasive chemistry of metal–
organic frameworks. Chemical Society Reviews, 38(5), 1213-1214. 
 
[104] Bradshaw, D., Garai, A., & Huo, J. (2012). Metal–organic framework 
growth at functional interfaces: thin films and composites for diverse 
applications. Chemical Society Reviews, 41(6), 2344-2381. 
 
[105] Shekhah, O., Liu, J., Fischer, R. A., & Wöll, C. (2011). MOF thin films: 
existing and future applications. Chemical Society Reviews, 40(2), 1081-1106. 
 
[106] Ameloot, R., Vermoortele, F., Vanhove, W., Roeffaers, M. B., Sels, B. F., 
& De Vos, D. E. (2011). Interfacial synthesis of hollow metal–organic 
framework capsules demonstrating selective permeability. Nature chemistry, 
3(5), 382-387. 
 
[107] Ahmed, A., Forster, M., Clowes, R., Bradshaw, D., Myers, P., & Zhang, 
H. (2013). Silica SOS@ HKUST-1 composite microspheres as easily packed 
stationary phases for fast separation. Journal of Materials Chemistry A, 1(10), 
3276-3286. 
 
[108] Zacher, D., Shekhah, O., Wöll, C., & Fischer, R. A. (2009). Thin films of 
metal–organic frameworks. Chemical Society Reviews, 38(5), 1418-1429. 
 
[109] Falcaro, P., Buso, D., Hill, A. J., & Doherty, C. M. (2012). Patterning 
techniques for metal organic frameworks. Advanced Materials, 24(24), 3153-
3168. 
 
[110] Shekhah, O., Wang, H., Kowarik, S., Schreiber, F., Paulus, M., Tolan, M., 
Sternemann, C., Evers, F., Zacher, D., Fischer, R.A., & Wöll, C. (2007). Step-
by-step route for the synthesis of metal-organic frameworks. Journal of the 
American Chemical Society, 129(49), 15118-15119. 
 
[111] Hu, Y., Dong, X., Nan, J., Jin, W., Ren, X., Xu, N., & Lee, Y. M. (2011). 
Metal–organic framework membranes fabricated via reactive seeding. 
Chemical Communications, 47(2), 737-739. 
 
[112] Ameloot, R., Stappers, L., Fransaer, J., Alaerts, L., Sels, B. F., & De Vos, 
D. E. (2009). Patterned growth of metal-organic framework coatings by 
electrochemical synthesis. Chemistry of Materials, 21(13), 2580-2582. 
 
[113] Bétard, A., & Fischer, R. A. (2011). Metal–Organic Framework Thin 
Films: From Fundamentals to Applications. Chemical reviews, 112(2), 1055-
1083. 
 
[114] Allendorf, M. D., Schwartzberg, A., Stavila, V., & Talin, A. A. (2011). A 
roadmap to implementing metal–organic frameworks in electronic devices: 
106 
 
challenges and critical directions. Chemistry–A European Journal, 17(41), 
11372-11388. 
 
[115] Furukawa, S., Hirai, K., Nakagawa, K., Takashima, Y., Matsuda, R., 
Tsuruoka, T., Kondo, M., Haruki, R., Tanaka, D., Sakamoto, H., & Shimomura, 
S. (2009). Heterogeneously Hybridized Porous Coordination Polymer Crystals: 
Fabrication of Heterometallic Core–Shell Single Crystals with an In‐Plane 
Rotational Epitaxial Relationship. Angewandte Chemie International 
Edition, 48(10), 1766-1770. 
 
[116](a) Kreno, L. E., Leong, K., Farha, O. K., Allendorf, M., Van Duyne, R. 
P., & Hupp, J. T. (2011). Metal–organic framework materials as chemical 
sensors. Chemical reviews, 112(2), 1105-1125; 
(b) Wu, Y. N., Li, F., Zhu, W., Cui, J., Tao, C. A., Lin, C., Hannam, P.M. & Li, 
G. (2011). Metal–Organic Frameworks with a Three‐Dimensional Ordered 
Macroporous Structure: Dynamic Photonic Materials. Angewandte Chemie 
International Edition, 50(52), 12518-12522. 
 
[117](a) Clark, T. D., Tien, J., Duffy, D. C., Paul, K. E., & Whitesides, G. M. 
(2001). Self-assembly of 10-μm-sized objects into ordered three-dimensional 
arrays. Journal of the American Chemical Society, 123(31), 7677-7682; 
(b) Tao, A., Sinsermsuksakul, P., & Yang, P. (2007). Tunable plasmonic lattices 
of silver nanocrystals. Nature nanotechnology, 2(7), 435-440. 
 
[118] Sheldon, R. A. (2005). Green solvents for sustainable organic synthesis: 
state of the art. Green Chemistry, 7(5), 267-278.  
 
[119](a) Lamblin, M., Nassar‐Hardy, L., Hierso, J. C., Fouquet, E., & Felpin, F. 
X. (2010). Recyclable heterogeneous palladium catalysts in pure water: 
Sustainable developments in Suzuki, Heck, Sonogashira and Tsuji–Trost 
reactions. Advanced Synthesis & Catalysis, 352(1), 33-79; 
(b) Cole-Hamilton, D. J. (2003). Homogeneous catalysis--new approaches 
to catalyst separation, recovery, and recycling. Science, 299(5613), 1702-
1706. 
 
[120] Baleizao, C., Corma, A., García, H., & Leyva, A. (2004). Oxime 
carbapalladacycle covalently anchored to high surface area inorganic supports 
or polymers as heterogeneous green catalysts for the Suzuki reaction in 
water. The Journal of organic chemistry, 69(2), 439-446. 
 
[121] Cervantes-Mejía, V., Baca-Solis, E., Caballero-Jiménez, J., Merino-
García, R., Cruz-Gatica, J., Moreno-Martínez, G., & Reyes-Ortega, Y. (2014). 
Branched Polyamines Functionalized with Proposed Reaction Pathways Based 
on 1 H-NMR, Atomic Absorption and IR Spectroscopies. American Journal of 




[122] Wittmann, S., Schätz, A., Grass, R. N., Stark, W. J., & Reiser, O. (2010). 
A Recyclable Nanoparticle‐Supported Palladium Catalyst for the 
Hydroxycarbonylation of Aryl Halides in Water. Angewandte Chemie 
International Edition, 49(10), 1867-1870. 
 
[123](a) Saenger, W. (1980). Cyclodextrin inclusion compounds in research and 
industry. Angewandte Chemie International Edition in English, 19(5), 344-362; 
(b) Szejtli, J. (1998). Introduction and general overview of cyclodextrin 
chemistry. Chemical reviews, 98(5), 1743-1754. 
 
[124](a) Gould, S., & Scott, R. C. (2005). 2-Hydroxypropyl-β-cyclodextrin 
(HP-β-CD): a toxicology review. Food and Chemical Toxicology, 43(10), 
1451-1459; 
(b) Gelb, R. I., Schwartz, L. M., & Laufer, D. A. (1984). Adamantan-1-ylamine 
and adamantan-1-ylamine hydrochloride complexes with cycloamyloses. 
Journal of the Chemical Society, Perkin Transactions 2, (1), 15-21; 
 (c) Zhang, B., & Breslow, R. (1993). Enthalpic domination of the chelate effect 
in cyclodextrin dimers. Journal of the American Chemical Society, 115(20), 
9353-9354. 
 
[125]Gelb, R. I., & Schwartz, L. M. (1989). Complexation of adamantane-
ammonium substrates by beta-cyclodextrin and its O-methylated derivatives. 
Journal of inclusion phenomena and molecular recognition in chemistry, 7(5), 
537-543. 
 
[126](a) Zhang, Z. X., Liu, K. L., & Li, J. (2013). A thermoresponsive 
hydrogel formed from a star–star supramolecular architecture. Angewandte 
Chemie International Edition, 52(24), 6180-6184; 
(b) Zhu, J. L., Liu, K. L., Zhang, Z., Zhang, X. Z., & Li, J. (2011). 
Amphiphilic star-block copolymers and supramolecular transformation of 
nanogel-like micelles to nanovesicles. Chemical Communications, 47(48), 
12849-12851; 
 (c) Zhang, Z. X., Liu, K. L., & Li, J. (2011). Self-assembly and 
micellization of a dual thermoresponsive supramolecular pseudo-block 
copolymer. Macromolecules, 44(5), 1182-1193; 
(d) Zhang, Z. X., Liu, X., Xu, F. J., Loh, X. J., Kang, E. T., Neoh, K. G., & 
Li, J. (2008). Pseudo-block copolymer based on star-shaped poly (N-
isopropylacrylamide) with a β-cyclodextrin core and guest-bearing PEG: 
controlling thermoresponsivity through supramolecular self-assembly. 
Macromolecules, 41(16), 5967-5970.  
 
[127] Qi, M., Tan, P. Z., Xue, F., Malhi, H. S., Zhang, Z. X., Young, D. J., 
& Hor, T. A. (2015). A supramolecular recyclable catalyst for aqueous 
Suzuki–Miyaura coupling. RSC Advances, 5(5), 3590-3596. 
 
[128](a) Gu, L., Shen, Z., Feng, C., Li, Y., Lu, G., Huang, X., Wang. G., & 
Huang, J. (2008). Synthesis of PPEGMEA-g-PMAA densely grafted double 
108 
 
hydrophilic copolymer and its use as a template for the preparation of size-
controlled superparamagnetic Fe3O4/polymer nano-composites. Journal of 
Materials Chemistry, 18(36), 4332-4340; 
(b) Lin, C. L., Lee, C. F., & Chiu, W. Y. (2005). Preparation and properties 
of poly (acrylic acid) oligomer stabilized superparamagnetic 
ferrofluid. Journal of Colloid and Interface Science, 291(2), 411-420. 
 
[129] Li, Z., Wei, L., Gao, M. Y., & Lei, H. (2005). One‐Pot Reaction to 
Synthesize Biocompatible Magnetite Nanoparticles. Advanced 
Materials, 17(8), 1001-1005. 
 
[130](a) Srinivasan, K., & Stalin, T. (2014). Study of inclusion complex 
between 2, 6-dinitrobenzoic acid and β-cyclodextrin by 1 H NMR, 2D 1 H NMR 
(ROESY), FT-IR, XRD, SEM and photophysical methods. Spectrochimica 
Acta Part A: Molecular and Biomolecular Spectroscopy, 130, 105-115; 
(b) Srinivasan, K., & Stalin, T. (2014). Study of inclusion complex between 2, 
6-dinitrobenzoic acid and β-cyclodextrin by 1H NMR, 2D 1H NMR (ROESY), 
FT-IR, XRD, SEM and photophysical methods. Spectrochimica Acta Part A: 
Molecular and Biomolecular Spectroscopy, 130, 105-115. 
 
[131](a) Massart, R., & Cabuil, V. (1987). Effect of some parameters on the 
formation of colloidal magnetite in alkaline-medium-yield and particle-size 
control. Journal de Chimie Physique et de Physico-Chimie 
Biologique, 84(7-8), 967-973; 
           (b) Cullity, B. D. (2001). Elements of X-ray Diffraction; 
           (c) Taylor, A. (1961). X-ray Metallography. 
 
[132](a) Lin, C. L., Lee, C. F., & Chiu, W. Y. (2005). Preparation and 
properties of poly (acrylic acid) oligomer stabilized superparamagnetic 
ferrofluid. Journal of Colloid and Interface Science, 291(2), 411-420; 
(b) Singh, S., Barick, K. C., & Bahadur, D. (2011). Surface engineered 
magnetic nanoparticles for removal of toxic metal ions and bacterial 
pathogens. Journal of Hazardous Materials, 192(3), 1539-1547. 
 
 [133](a) Lin, C. L., Lee, C. F., & Chiu, W. Y. (2005). Preparation and 
properties of poly (acrylic acid) oligomer stabilized superparamagnetic 
ferrofluid. Journal of Colloid and Interface Science, 291(2), 411-420; 
(b) Si, S., Kotal, A., Mandal, T. K., Giri, S., Nakamura, H., & Kohara, T. 
(2004). Size-controlled synthesis of magnetite nanoparticles in the presence 
of polyelectrolytes. Chemistry of Materials, 16(18), 3489-3496; 
(c) Shukla, N., Liu, C., Jones, P. M., & Weller, D. (2003). FTIR study of 
surfactant bonding to FePt nanoparticles. Journal of Magnetism and 
Magnetic materials, 266(1), 178-184; 
 (d) Liu, Q., & Xu, Z. (1995). Self-assembled monolayer coatings on 
nanosized magnetic particles using 16-mercaptohexadecanoic 




[134] Deraedt, C., & Astruc, D. (2013). “Homeopathic” palladium 
nanoparticle catalysis of cross carbon–carbon coupling reactions. Accounts 
of chemical research, 47(2), 494-503. 
 
[135] Qi, M., Tan, P. Z., Xue, F., Malhi, H. S., Zhang, Z. X., Young, D. J., & 
Hor, T. A. (2015). A supramolecular recyclable catalyst for aqueous Suzuki–
Miyaura coupling. RSC Advances, 5(5), 3590-3596. 
 
[136] Climent, M. J., Corma, A., Iborra, S., & Sabater, M. J. (2014). 
Heterogeneous catalysis for tandem reactions. ACS Catalysis, 4(3), 870-891. 
 
[137](a) Bowker, M. (1998). The basis and applications of heterogeneous 
catalysis.Oxford Chemistry Primers, 53(1), ALL-ALL;  
(b) Sheldon, R. A., & Van Bekkum, H. (Eds.). (2008). Fine chemicals through 
heterogeneous catalysis. John Wiley & Sons;  
(c) Zaera, F. (2013). Nanostructured materials for applications in heterogeneous 
catalysis. Chemical Society Reviews, 42(7), 2746-2762. 
 
[138](a) Thomas, J. M. (2012, July). The societal significance of catalysis and 
the growing practical importance of single-site heterogeneous catalysts. 
In Proc. R. Soc. A (Vol. 468, No. 2143, pp. 1884-1903). The Royal Society;  
(b) Paterson, J., Potter, M., Gianotti, E., & Raja, R. (2011). Engineering active 
sites for enhancing synergy in heterogeneous catalytic oxidations. Chemical 
Communications, 47(1), 517-519. 
 
[139](a) Potter, M. E., Paterson, A. J., & Raja, R. (2012). Transition Metal 
versus Heavy Metal Synergy in Selective Catalytic Oxidations. ACS Catalysis, 
2(12), 2446-2451; 
(b) Leithall, R. M., Shetti, V. N., Maurelli, S., Chiesa, M., Gianotti, E., & Raja, 
R. (2013). Toward understanding the catalytic synergy in the design of 
bimetallic molecular sieves for selective aerobic oxidations. Journal of the 
American Chemical Society, 135(8), 2915-2918. 
 
[140](a) Dhakshinamoorthy, A., Alvaro, M., & Garcia, H. (2011). Metal–
organic frameworks as heterogeneous catalysts for oxidation 
reactions. Catalysis Science & Technology, 1(6), 856-867;  
(b) Gascon, J., Corma, A., Kapteijn, F., & Llabres i Xamena, F. X. (2013). Metal 
organic framework catalysis: Quo vadis?. ACS Catalysis, 4(2), 361-378; 
(c) García-García, P., Müller, M., & Corma, A. (2014). MOF catalysis in 
relation to their homogeneous counterparts and conventional solid 
catalysts.Chemical Science, 5(8), 2979-3007; 
(d) Lee, J., Farha, O. K., Roberts, J., Scheidt, K. A., Nguyen, S. T., & Hupp, J. 
T. (2009). Metal–organic framework materials as catalysts. Chemical Society 




[141](a) Burtch, N. C., Jasuja, H., & Walton, K. S. (2014). Water stability and 
adsorption in metal–organic frameworks. Chemical reviews, 114(20), 10575-
10612;  
(b) Kang, I. J., Khan, N. A., Haque, E., & Jhung, S. H. (2011). Chemical and 
thermal stability of isotypic metal–organic frameworks: effect of metal ions. 
Chemistry–A European Journal, 17(23), 6437-6442;  
(c) Park, K. S., Ni, Z., Côté, A. P., Choi, J. Y., Huang, R., Uribe-Romo, F. J., 
Chae, H.K., O’Keeffe, M., & Yaghi, O. M. (2006). Exceptional chemical and 
thermal stability of zeolitic imidazolate frameworks. Proceedings of the 
National Academy of Sciences, 103(27), 10186-10191. 
 
[142](a) Kim, M., Cahill, J. F., Su, Y., Prather, K. A., & Cohen, S. M. (2012). 
Postsynthetic ligand exchange as a route to functionalization of ‘inert’metal–
organic frameworks. Chemical Science, 3(1), 126-130; 
(b) Cohen, S. M. (2011). Postsynthetic methods for the functionalization of 
metal–organic frameworks. Chemical reviews, 112(2), 970-1000;  
(c) Shultz, A. M., Farha, O. K., Adhikari, D., Sarjeant, A. A., Hupp, J. T., & 
Nguyen, S. T. (2011). Selective surface and near-surface modification of a 
noncatenated, catalytically active metal-organic framework material based on 
Mn (salen) struts. Inorganic chemistry, 50(8), 3174-3176. 
 
[143](a) Yaghi, O. M., O'Keeffe, M., Ockwig, N. W., Chae, H. K., Eddaoudi, 
M., & Kim, J. (2003). Reticular synthesis and the design of new 
materials. Nature, 423(6941), 705-714;  
(b) Meek, S. T., Greathouse, J. A., & Allendorf, M. D. (2011). Metal‐organic 
frameworks: A rapidly growing class of versatile nanoporous materials. 
Advanced Materials, 23(2), 249-267. 
 
[144](a) Cavka, J. H., Jakobsen, S., Olsbye, U., Guillou, N., Lamberti, C., 
Bordiga, S., & Lillerud, K. P. (2008). A new zirconium inorganic building brick 
forming metal organic frameworks with exceptional stability. Journal of the 
American Chemical Society, 130(42), 13850-13851; 
 (b) Garibay, S. J., & Cohen, S. M. (2010). Isoreticular synthesis and 
modification of frameworks with the UiO-66 topology. Chemical 
Communications, 46(41), 7700-7702. 
 
[145](a) Wu, H., Yildirim, T., & Zhou, W. (2013). Exceptional mechanical 
stability of highly porous zirconium metal–organic framework UiO-66 and its 
important implications. The journal of physical chemistry letters, 4(6), 925-
930; 
(b) DeCoste, J. B., Peterson, G. W., Jasuja, H., Glover, T. G., Huang, Y. G., & 
Walton, K. S. (2013). Stability and degradation mechanisms of metal–organic 
frameworks containing the Zr 6 O 4 (OH) 4 secondary building unit. Journal of 
Materials Chemistry A, 1(18), 5642-5650;  
(c) Schoenecker, P. M., Carson, C. G., Jasuja, H., Flemming, C. J., & Walton, 
K. S. (2012). Effect of water adsorption on retention of structure and surface 
111 
 
area of metal–organic frameworks. Industrial & Engineering Chemistry 
Research, 51(18), 6513-6519;  
(d) Mondloch, J. E., Katz, M. J., Planas, N., Semrouni, D., Gagliardi, L., Hupp, 
J. T., & Farha, O. K. (2014). Are Zr 6-based MOFs water stable? Linker 
hydrolysis vs. capillary-force-driven channel collapse. Chemical 
communications, 50(64), 8944-8946. 
 
[146] Schaate, A., Roy, P., Godt, A., Lippke, J., Waltz, F., Wiebcke, M., & 
Behrens, P. (2011). Modulated Synthesis of Zr‐Based Metal–Organic 
Frameworks: From Nano to Single Crystals. Chemistry–A European 
Journal,17(24), 6643-6651. 
 
[147] McGuirk, C. M., Katz, M. J., Stern, C. L., Sarjeant, A. A., Hupp, J. T., 
Farha, O. K., & Mirkin, C. A. (2015). Turning On Catalysis: Incorporation of a 
Hydrogen-Bond-Donating Squaramide Moiety into a Zr Metal–Organic 
Framework. Journal of the American Chemical Society, 137(2), 919-925. 
 
[148](a) Fei, H., & Cohen, S. M. (2015). Metalation of a thiocatechol-
functionalized Zr (IV)-based metal–organic framework for selective C–H 
functionalization. Journal of the American Chemical Society, 137(6), 2191-
2194; 
(b) Fei, H., Shin, J., Meng, Y. S., Adelhardt, M., Sutter, J., Meyer, K., & Cohen, 
S. M. (2014). Reusable oxidation catalysis using metal-monocatecholato 
species in a robust metal–organic framework. Journal of the American 
Chemical Society, 136(13), 4965-4973;  
(c) Wang, C., Xie, Z., deKrafft, K. E., & Lin, W. (2011). Doping metal–organic 
frameworks for water oxidation, carbon dioxide reduction, and organic 
photocatalysis. Journal of the American Chemical Society, 133(34), 13445-
13454. 
 
[149](a) Abad, A., Corma, A., & García, H. (2008). Catalyst parameters 
determining activity and selectivity of supported gold nanoparticles for the 
aerobic oxidation of alcohols: The molecular reaction mechanism. Chemistry–
A European Journal, 14(1), 212-222; 
(b) Tsunoyama, H., Sakurai, H., Negishi, Y., & Tsukuda, T. (2005). Size-
specific catalytic activity of polymer-stabilized gold nanoclusters for aerobic 
alcohol oxidation in water. Journal of the American Chemical Society, 127(26), 
9374-9375;  
(c) Huang, Y. F., Zhang, M., Zhao, L. B., Feng, J. M., Wu, D. Y., Ren, B., & 
Tian, Z. Q. (2014). Activation of oxygen on gold and silver nanoparticles 
assisted by surface plasmon resonances. Angewandte Chemie International 
Edition, 53(9), 2353-2357; 
 (d) Liu, X., He, L., Liu, Y. M., & Cao, Y. (2013). Supported gold catalysis: 
from small molecule activation to green chemical synthesis. Accounts of 




[150](a) Kesavan, L., Tiruvalam, R., Ab Rahim, M. H., bin Saiman, M. I., 
Enache, D. I., Jenkins, R. L., Dimitratos, N., Lopez-Sanchez, J.A., Taylor, S.H., 
Knight, D.W. & Kiely, C. J. (2011). Solvent-free oxidation of primary carbon-
hydrogen bonds in toluene using Au-Pd alloy nanoparticles. Science, 
331(6014), 195-199; 
(b) Dimitratos, N., Lopez-Sanchez, J. A., Anthonykutty, J. M., Brett, G., Carley, 
A. F., Tiruvalam, R. C., Herzing, A.A., Kiely, C.J., Knight, D.W. & Hutchings, 
G. J. (2009). Oxidation of glycerol using gold–palladium alloy-supported 
nanocrystals. Physical Chemistry Chemical Physics, 11(25), 4952-4961; 
(c) Hinde, C. S., Van Aswegen, S., Collins, G., Holmes, J. D., Hor, T. A., & 
Raja, R. (2013). Probing the origin of in situ generated nanoparticles as 
sustainable oxidation catalysts. Dalton Transactions, 42(35), 12600-12605. 
 
[151](a) Zhang, D., Ye, F., Guan, Y., Wang, Y., & Hensen, E. J. (2014). 
Hydrogenation of γ-valerolactone in ethanol over Pd nanoparticles supported 
on sulfonic acid functionalized MIL-101. RSC Advances, 4(74), 39558-39564; 
(b) Knecht, M. R., & Pacardo, D. B. (2010). Employing high-resolution 
materials characterization to understand the effects of Pd nanoparticle structure 
on their activity as catalysts for olefin hydrogenation. Analytical and 
bioanalytical chemistry, 397(3), 1137-1155. 
 
[152](a) Cornelio, B., Saunders, A. R., Solomonsz, W. A., Laronze-Cochard, 
M., Fontana, A., Sapi, J., Khlobystov, A.N.  & Rance, G. A. (2015). Palladium 
nanoparticles in catalytic carbon nanoreactors: the effect of confinement on 
Suzuki–Miyaura reactions. Journal of Materials Chemistry A, 3(7), 3918-3927;  
(b) Hosseini-Sarvari, M., & Razmi, Z. (2014). Highly active recyclable 
heterogeneous Pd/ZnO nanoparticle catalyst: sustainable developments for the 
C–O and C–N bond cross-coupling reactions of aryl halides under ligand-free 
conditions. RSC Advances, 4(83), 44105-44116. 
 
[153](a) Davis, S. E., Ide, M. S., & Davis, R. J. (2013). Selective oxidation of 
alcohols and aldehydes over supported metal nanoparticles. Green 
Chemistry, 15(1), 17-45; 
(b) Widmann, D., & Behm, R. J. (2014). Activation of molecular oxygen and 
the nature of the active oxygen species for CO oxidation on oxide supported Au 
catalysts. Accounts of chemical research, 47(3), 740-749;  
(c) Zhang, H., & Toshima, N. (2013). Glucose oxidation using Au-containing 
bimetallic and trimetallic nanoparticles. Catalysis Science & Technology,3(2), 
268-278. 
 
[154](a) Carabineiro, S. A. C., Martins, L. M. D. R. S., Avalos-Borja, M., 
Buijnsters, J. G., Pombeiro, A. J. L., & Figueiredo, J. L. (2013). Gold 
nanoparticles supported on carbon materials for cyclohexane oxidation with 
hydrogen peroxide. Applied Catalysis A: General, 467, 279-290; 
(b) Zhan, G., Hong, Y., Lu, F., Ibrahim, A. R., Du, M., Sun, D., Huang, J., Li, 
Q., & Li, J. (2013). Kinetics of liquid phase oxidation of benzyl alcohol with 
113 
 
hydrogen peroxide over bio-reduced Au/TS-1 catalysts. Journal of Molecular 
Catalysis A: Chemical, 366, 215-221; 
(c) Ni, J., Yu, W. J., He, L., Sun, H., Cao, Y., He, H. Y., & Fan, K. N. (2009). 
A green and efficient oxidation of alcohols by supported gold catalysts using 
aqueous H2O2 under organic solvent-free conditions. Green Chemistry, 11(6), 
756-759. 
 
[155](a) Jiang, H. L., Liu, B., Akita, T., Haruta, M., Sakurai, H., & Xu, Q. 
(2009). Au@ ZIF-8: CO oxidation over gold nanoparticles deposited to 
metal−organic framework. Journal of the American Chemical Society, 131(32), 
11302-11303; 
(b) Lu, G., Li, S., Guo, Z., Farha, O. K., Hauser, B. G., Qi, X.,  Wang, Y., Wang, 
X., Han, S., Liu, X., & DuChene, J. S. (2012). Imparting functionality to a 
metal–organic framework material by controlled nanoparticle 
encapsulation. Nature chemistry, 4(4), 310-316. 
 
[156] Guo, Z., Xiao, C., Maligal-Ganesh, R. V., Zhou, L., Goh, T. W., Li, X., 
Tesfagaber, D., Thiel, A., & Huang, W. (2014). Pt nanoclusters confined within 
metal–organic framework cavities for chemoselective cinnamaldehyde 
hydrogenation. ACS Catalysis,4(5), 1340-1348. 
 
[157] Chen, Y. Z., Zhou, Y. X., Wang, H., Lu, J., Uchida, T., Xu, Q., Yu, S.H. 
& Jiang, H. L. (2015). Multifunctional PdAg@ MIL-101 for one-pot cascade 
reactions: Combination of host–guest cooperation and bimetallic synergy in 
catalysis.ACS Catalysis, 5(4), 2062-2069. 
 
[158] DeCoste, J. B., Peterson, G. W., Schindler, B. J., Killops, K. L., Browe, 
M. A., & Mahle, J. J. (2013). The effect of water adsorption on the structure of 
the carboxylate containing metal–organic frameworks Cu-BTC, Mg-MOF-74, 
and UiO-66. Journal of Materials Chemistry A, 1(38), 11922-11932. 
 
[159] Heravi, M. M., Tehrani, M. H., Bakhtiari, K., & Oskooie, H. A. (2006). 
A practical Knoevenagel condensation catalysed by imidazole. Journal of 
Chemical Research, 2006(9), 561-562. 
 
[160] (a) Wang, D., & Li, Z. (2015). Bi-functional NH2-MIL-101 (Fe) for one-
pot tandem photo-oxidation/Knoevenagel condensation between aromatic 
alcohols and active methylene compounds. Catalysis Science & Technology, 
5(3), 1623-1628; 
(b) Yang, Y., Yao, H. F., Xi, F. G., & Gao, E. Q. (2014). Amino-functionalized 
Zr (IV) metal–organic framework as bifunctional acid–base catalyst for 
Knoevenagel condensation. Journal of Molecular Catalysis A: Chemical, 390, 
198-205. 
 
[161](a) Xin, S., Guo, Y. G., & Wan, L. J. (2012). Nanocarbon networks for 
advanced rechargeable lithium batteries. Accounts of chemical 
research, 45(10), 1759-1769;  
114 
 
(b) Liu, J., Wickramaratne, N. P., Qiao, S. Z., & Jaroniec, M. (2015). Molecular-
based design and emerging applications of nanoporous carbon spheres. Nature 
materials, 14(8), 763-774; 
(c) Tang, J., Liu, J., Torad, N. L., Kimura, T., & Yamauchi, Y. (2014). Tailored 
design of functional nanoporous carbon materials toward fuel cell 
applications. Nano Today, 9(3), 305-323; 
(d) Candelaria, S. L., Shao, Y., Zhou, W., Li, X., Xiao, J., Zhang, J. G., ... & 
Cao, G. (2012). Nanostructured carbon for energy storage and conversion. Nano 
Energy, 1(2), 195-220; 
(e) Xia, Y., Yang, Z., & Mokaya, R. (2010). Templated nanoscale porous 
carbons. Nanoscale, 2(5), 639-659. 
 
[162](a) Chaikittisilp, W., Ariga, K., & Yamauchi, Y. (2013). A new family of 
carbon materials: synthesis of MOF-derived nanoporous carbons and their 
promising applications. Journal of Materials Chemistry A, 1(1), 14-19; 
(b) Torad, N. L., Hu, M., Ishihara, S., Sukegawa, H., Belik, A. A., Imura, M., 
Ariga, K., Sakka, Y. & Yamauchi, Y. (2014). Direct Synthesis of MOF‐Derived 
Nanoporous Carbon with Magnetic Co Nanoparticles toward Efficient Water 
Treatment.Small, 10(10), 2096-2107; 
(c) Yue, H., Shi, Z., Wang, Q., Cao, Z., Dong, H., Qiao, Y., Yin. Y., & Yang, 
S. (2014). MOF-derived cobalt-doped ZnO@ C composites as a high-
performance anode material for lithium-I n batteries. ACS applied materials & 
interfaces, 6(19), 17067-17074;  
(d) Hu, M., Reboul, J., Furukawa, S., Torad, N. L., Ji, Q., Srinivasu, P., Ariga, 
K., Kitagawa, S., & Yamauchi, Y. (2012). Direct carbonization of Al-based 
porous coordination polymer for synthesis of nanoporous carbon. Journal of the 
American Chemical Society, 134(6), 2864-2867; 
(e) Jiang, H. L., Liu, B., Lan, Y. Q., Kuratani, K., Akita, T., Shioyama, H., Zong. 
F., & Xu, Q. (2011). From metal–organic framework to nanoporous carbon: 
toward a very high surface area and hydrogen uptake. Journal of the American 
Chemical Society, 133(31), 11854-11857;  
(f) Tang, J., Salunkhe, R. R., Liu, J., Torad, N. L., Imura, M., Furukawa, S., & 
Yamauchi, Y. (2015). Thermal conversion of core–shell metal–organic 
frameworks: a new method for selectively functionalized nanoporous hybrid 
carbon. Journal of the American Chemical Society, 137(4), 1572-1580; 
(g) Zhang, W., Wu, Z. Y., Jiang, H. L., & Yu, S. H. (2014). Nanowire-directed 
templating synthesis of metal–organic framework nanofibers and their derived 
porous doped carbon nanofibers for enhanced electrocatalysis. Journal of the 
American Chemical Society, 136(41), 14385-14388. 
 
[163](a) Wang, S. X., Yap, C. C., He, J., Chen, C., Wong, S. Y., & Li, X. (2016). 
Electrospinning: a facile technique for fabricating functional nanofibers for 
environmental applications. Nanotechnology Reviews, 5(1), 51-73; 
(b) Kumar, P. S., Sundaramurthy, J., Sundarrajan, S., Babu, V. J., Singh, G., 
Allakhverdiev, S. I., & Ramakrishna, S. (2014). Hierarchical electrospun 
nanofibers for energy harvesting, production and environmental remediation. 
Energy & Environmental Science, 7(10), 3192-3222; 
115 
 
(c) Lu, X., Wang, C., & Wei, Y. (2009). One‐Dimensional Composite 
Nanomaterials: Synthesis by Electrospinning and Their Applications. Small, 
5(21), 2349-2370; 
(d) Thavasi, V., Singh, G., & Ramakrishna, S. (2008). Electrospun nanofibers 
in energy and environmental applications. Energy & Environmental Science, 
1(2), 205-221. 
 
[164](a) Kong, J., Tan, H. R., Tan, S. Y., Li, F., Wong, S. Y., Li, X., & Lu, X. 
(2010). A generic approach for preparing core–shell carbon–metal oxide 
nanofibers: morphological evolution and its mechanism. Chemical 
Communications, 46(46), 8773-8775; 
(b) Kong, J., Wong, S. Y., Zhang, Y., Tan, H. R., Li, X., & Lu, X. (2011). One-
dimensional carbon–SnO2 and SnO2 nanostructures via single-spinneret 
electrospinning: tunable morphology and the underlying mechanism. Journal of 
Materials Chemistry, 21(40), 15928-15934; 
(c) Kong, J., Liu, Z., Yang, Z., Tan, H. R., Xiong, S., Wong, S. Y., Li. X., & 
Lu, X. (2012). Carbon/SnO2/carbon core/shell/shell hybrid nanofibers: tailored 
nanostructure for the anode of lithium ion batteries with high reversibility and 
rate capacity. Nanoscale, 4(2), 525-530; 
(d) Wang, S. X., Yang, L., Stubbs, L. P., Li, X., & He, C. (2013). Lignin-derived 
fused electrospun carbon fibrous mats as high performance anode materials for 
lithium ion batteries. ACS applied materials & interfaces, 5(23), 12275-12282.  
 
[165](a) Cravillon, J., Nayuk, R., Springer, S., Feldhoff, A., Huber, K., & 
Wiebcke, M. (2011). Controlling zeolitic imidazolate framework nano-and 
microcrystal formation: Insight into crystal growth by time-resolved in situ 
static light scattering. Chemistry of Materials, 23(8), 2130-2141; 
(b) Qian, J., Sun, F., & Qin, L. (2012). Hydrothermal synthesis of zeolitic 
imidazolate framework-67 (ZIF-67) nanocrystals. Materials Letters, 82, 220-
223. 
 
[166] Saracco, G., Vankova, S., Pagliano, C., Bonelli, B., & Garrone, E. (2014). 
Outer Co (II) ions in Co-ZIF-67 reversibly adsorb oxygen from both gas phase 
and liquid water. Physical Chemistry Chemical Physics, 16(13), 6139-6145. 
 
[167] Torad, N. L., Hu, M., Kamachi, Y., Takai, K., Imura, M., Naito, M., & 
Yamauchi, Y. (2013). Facile synthesis of nanoporous carbons with controlled 
particle sizes by direct carbonization of monodispersed ZIF-8 crystals. 
Chemical communications, 49(25), 2521-2523.  
 
[168] (a) Wu, Y. N., Li, F., Liu, H., Zhu, W., Teng, M., Jiang, Y., Li, W., Xu, 
D., He, D., Hannam, P., & Li, G. (2012). Electrospun fibrous mats as skeletons 
to produce free-standing MOF membranes. Journal of Materials 
Chemistry, 22(33), 16971-16978; 
(b) Fan, L., Xue, M., Kang, Z., Li, H., & Qiu, S. (2012). Electrospinning 
technology applied in zeolitic imidazolate framework membrane synthesis. 
Journal of Materials Chemistry, 22(48), 25272-25276; 
116 
 
(c) Tang, J., Salunkhe, R. R., Liu, J., Torad, N. L., Imura, M., Furukawa, S., & 
Yamauchi, Y. (2015). Thermal conversion of core–shell metal–organic 
frameworks: a new method for selectively functionalized nanoporous hybrid 
carbon. Journal of the American Chemical Society, 137(4), 1572-1580; 
(d) Xu, H. Q., Wang, K., Ding, M., Feng, D., Jiang, H. L., & Zhou, H. C. (2016). 
Seed-Mediated Synthesis of Metal–Organic Frameworks. Journal of the 
American Chemical Society, 138(16), 5316-5320; 
(e) Hu, Y., Lian, H., Zhou, L., & Li, G. (2014). In situ solvothermal growth of 
metal–organic framework-5 supported on porous copper foam for noninvasive 
sampling of plant volatile sulfides. Analytical chemistry, 87(1), 406-412. 
 
[169] (a) Jeong, H. M., Lee, J. W., Shin, W. H., Choi, Y. J., Shin, H. J., Kang, 
J. K., & Choi, J. W. (2011). Nitrogen-doped graphene for high-performance 
ultracapacitors and the importance of nitrogen-doped sites at basal planes. Nano 
letters, 11(6), 2472-2477; 
(b) Li, Z., Xu, Z., Tan, X., Wang, H., Holt, C. M., Stephenson, T., Olsen. B. C., 
& Mitlin, D. (2013). Mesoporous nitrogen-rich carbons derived from protein 
for ultra-high capacity battery anodes and supercapacitors. Energy & 
Environmental Science, 6(3), 871-878.  
 
[170] Yang, Z. C., Zhang, Y., Kong, J. H., Wong, S. Y., Li, X., & Wang, J. 
(2013). Hollow carbon nanoparticles of tunable size and wall thickness by 
hydrothermal treatment of α-cyclodextrin templated by F127 block 
copolymers. Chemistry of Materials, 25(5), 704-710. 
 
[171] (a) Torad, N. L., Hu, M., Ishihara, S., Sukegawa, H., Belik, A. A., Imura, 
M., Ariga, K., Sakka, Y. & Yamauchi, Y. (2014). Direct Synthesis of MOF‐
Derived Nanoporous Carbon with Magnetic Co Nanoparticles toward Efficient 
Water Treatment. Small, 10(10), 2096-2107; 
(b) Torad, N. L., Salunkhe, R. R., Li, Y., Hamoudi, H., Imura, M., Sakka, Y., 
Hu. C. C., & Yamauchi, Y. (2014). Electric Double‐Layer Capacitors Based on 
Highly Graphitized Nanoporous Carbons Derived from ZIF‐67. Chemistry–A 
European Journal, 20(26), 7895-7900.  
 
[172](a) Zhu, Y., Chu, Y., Liang, J., Li, Y., Yuan, Z., Li, W., Zhang, Y., Pan, 
X., Chou, S.L., Zhao, L., & Zeng, R. (2016). Tucked flower-like SnS2/Co3O4 
composite for high-performance anode material in lithium-ion 
batteries. Electrochimica Acta, 190, 843-851; 
(b) Guo, L., Ding, Y., Qin, C., Li, W., Du, J., Fu, Z., Song. W., & Wang, F. 
(2016). Nitrogen-doped porous carbon spheres anchored with Co3O4 
nanoparticles as high-performance anode materials for lithium-ion 
batteries. Electrochimica Acta, 187, 234-242;  
(c) Li, W., Shang, K., Liu, Y., Zhu, Y., Zeng, R., Zhao, L., Wu, Y., Li, L., Chu, 
Y., Liang, J., & Liu, G. (2015). A novel sandwich-like Co3O4/TiO2 composite 
with greatly enhanced electrochemical performance as anode for lithium ion 
batteries. Electrochimica Acta, 174, 985-991; 
117 
 
(d) Sultana, I., Rahman, M. M., Ramireddy, T., Sharma, N., Poddar, D., Khalid, 
A., Zhang, H., Chen, Y., & Glushenkov, A. M. (2015). Understanding 
Structure–Function Relationship in Hybrid Co3O4–Fe2O3/C Lithium-Ion 
Battery Electrodes. ACS applied materials & interfaces, 7(37), 20736-20744; 
(e) Pan, G. X., Xia, X. H., Cao, F., Chen, J., & Zhang, Y. J. (2015). Construction 
of Co/Co 3 O 4–C ternary core-branch arrays as enhanced anode materials for 
lithium ion batteries. Journal of Power Sources, 293, 585-591; 
(f) Chen, M., Xia, X., Yin, J., & Chen, Q. (2015). Construction of Co3O4 
nanotubes as high-performance anode material for lithium ion batteries. 
Electrochimica Acta, 160, 15-21; 
(g) Liu, L., Fang, D., Jiang, M., Chen, J., Wang, T., Wang, Q., Dong. L., & 
Xiong, C. (2015). Co3O4/C/graphene nanocomposites as novel anode materials 
for high capacity lithium ion batteries. RSC Advances, 5(90), 73677-73683; 
(h) Abbas, S. M., Hussain, S. T., Ali, S., Ahmad, N., Ali, N., & Munawar, K. S. 
(2013). Synthesis of carbon nanotubes anchored with mesoporous Co3O4 
nanoparticles as anode material for lithium-ion batteries. Electrochimica 
Acta, 105, 481-488.  
(i) Zhang, P., Guo, Z. P., Huang, Y., Jia, D., & Liu, H. K. (2011). Synthesis of 
Co3O4/carbon composite nanowires and their electrochemical properties. 
Journal of Power Sources, 196(16), 6987-6991. 
 
[173] Shaju, K. M., Jiao, F., Débart, A., & Bruce, P. G. (2007). Mesoporous and 
nanowire Co3O4 as negative electrodes for rechargeable lithium batteries. 
Physical Chemistry Chemical Physics, 9(15), 1837-1842. 
 
[174](a) Yan, C., Chen, G., Zhou, X., Sun, J., & Lv, C. (2016). Template‐Based 
Engineering of Carbon‐Doped Co3O4 Hollow Nanofibers as Anode Materials 
for Lithium‐Ion Batteries. Advanced Functional Materials, 26(9), 1428-1436; 
(b) Huang, G., Zhang, F., Du, X., Qin, Y., Yin, D., & Wang, L. (2015). Metal 
organic frameworks route to in situ insertion of multiwalled carbon nanotubes 
in Co3O4 polyhedra as anode materials for lithium-ion batteries. ACS nano, 9(2), 
1592-1599. 
(c) Guo, L., Ding, Y., Qin, C., Li, W., Du, J., Fu, Z., Song. W., & Wang, F. 
(2016). Nitrogen-doped porous carbon spheres anchored with Co3O4 
nanoparticles as high-performance anode materials for lithium-ion batteries. 
Electrochimica Acta, 187, 234-242. 
 
 
 
 
 
